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SU!.!L!ARY 
In the first part, contours o£ the second order rata 
constant(k2) for homogeneous aromatic nitration have been 
determined over a portion of the three component diaGram 
(H 2 so 4-IINO;~-H 2o) usine three aromatics of differing 
reactivity (toluene, chlorobenzene and p-dichlorobenzeno). 
Activation anergy measurements are also reported over the 
same saotion o£ the three component diae;ram. Those results 
lead to the conclusion that the major factor in rate and 
anergy considerations is the acidity o£ the medium and that 
some rates previously measured in heterogeneous systems are 
kinatically controlled. 
The second part shows ltinatio data for the mononi tration 
of hexa£luoro-m-xyleno together with its heat of solution 
in three different aqueous sulphuric acid compositions and 
one nitric acid composition. The vary low reactivity of 
haxa£luoro-m-xylone aliovls kinetic data to be obtained usine; 
much.hie;har nitric and sulphuric aoid ooncentrationo:than in 
part one ~nd ae;ain indicates that previous heteroe;onoous 
nitration.results were kinetically controlled. The solubility 
and heats of solution data load to a discussion o£ £actors 
affecting aromatic solubility in nitric and sulphuric acid 
solutions and in the three component system. 
In the final part the distribution coefficient o£ nitric 
between an aqueous sulphuric acid phase and various ore;anic 
phases is reported. Three types of ore;anio phase ware used, 
·non-aromatics, aromatics and nitratad aromatics. For the inort 
non-aromatic, carbon tetrachlol•ido, dish•ibution coefficient 
(xi) 
measurements vrel'e made over the entire three component 
diagram a.nd this data. '17S.s used to construct a three component 
diagram o£ nitric aoid distribution coe££icient and nitric 
aoid activity. The nitric aoid spooies present in a.ll types 
o£ organic solvent studied are discussed. 
Usine a. combination o£ the data obtained in each part 
it should be possible to predict the rate a.nd phase 
oonoentra.tion ohanees ocoul'ing £or the nitration o£ a.ny 
desired a.roma.tio 1 providine its relationship with a studied 
a.roma.tio oa.n be determined. 
I'.-. 
(xii) 
PART I 
KINETIC DATA FOR THE THREE COMPONENT SYSTEM,HN03-H2S04:li2Q 
1 
CHAPTER ONE 
1,1 Introdution 
Aroma-tic nit.ration is one of the oldest commercially 
important chemical processes, used to produce dyes, explosives 
and precursors for other chemical reactions, Industrial 
nitrations, two phase, use high concentrations of nitric acid 
in the presence of sulphuric aoid 1 thus making the nitrating 
mixture a three component system (HNo 3-H2so4-H2o), The aim of 
the present study was to obtain kinetic data for the three 
component system, for which there is little in the literature 
at the present time, 
The aromatics studied were toluene, ohlorobenzene and 
paradichlorobenzene, which were all studied under homogeneous 
nitrations conditions, 1be choice of aromatics allowed an easy 
study over a significant area of the three component diagram, 
due to their different reaotivities towards nitration, 
Previously Sohofield112 et al had produced kinetic data 
for the homogeneous nitration or many common aromatics together 
with isomer distribution data, However, they used a basically 
two component system (n2so4-H 2o) in which the nitric acid 
concentration did not exceed lo- 2M, Cox and Straohan3,4 have 
found kinetic and activation energy data for the two phase 
nitration of both toluene and chlorobenzene, although again a 
two component system was employed, using only small nitric acid 
concentrations, 
Some work has been done on the three component system, 
but this is mainly concerned with the macrokinetics of aromatic 
nitration, The work in this area has been critically reviewed 
by Hanson, Marsland and Wilson5 and by Strachan6, 
2 
The further aim of this study was to obtain activation 
energy data for the three component diagram. It was hoped that 
from the activation energr data together with the kinetic data, 
the path of the contours of second order rate constant, k2 , 
could be explained with respect to energy and medium effects. 
Theory and Literature 
1,2 Homogeneous Aromatic Nitration in Mixed Acid 
Mechanism and Kinetics 
It has long been accepted that the nitrating species 
present in mixed acid is the nitronium ion. Speotroscopio 
techniques together with cryoscopic measurements7,B have shown 
the presence of the nitronium ion in anhydrous nitric acid and 
when in anhydrous sulphuric acid, nitric acid is totally 
converted to nitronium bisulphate. 
However, on the addition of water to nitric acid and 
sulphuric acid, the nitronium ion concentration rapidly decreases. 
In a medium where it is not possible to measure the nitronium 
ion concentration, proof that it is the nitr&ting agent is 
found by 18o exchange between nitric acid and the medium9•10 , 
Formation of the nitronium ion takes place by the following 
reaction a-
slow 
( 1.1 ) 
Recently, aromatic nitration has been reviewed by numerous 
authors, the most important being by Ridd11 , Hartshorn and 
Sohofield1 ~ and Stock14. The major mechanism of nitration in 
solutions of nitric and sulphuric acid can. be represented as a-
ArH + 
._.......n 
Ar ........_ 
N02 
+ H 
( 1.2 ) 
( l.; ) 
+ ( 1.4 ) 
The nitronium ion and the aromatic diffuse together to 
give an I encounter pair 1 represented by [ArH. No;] , but 
of undefined structure. The encounter pair produces Wheland 
intermediates which by loss of a proton generate the nitre 
compounds. Depending on the conditions and the aromatic, any 
of the steps ( or the one which produces the nitronium ion } 
may be rate determining, although the proton loss is not 
kinetically significant. Recent work by Schofieldl5 et al on 
l, 2 1 4 trimethylbenzene supports the formation of the 
intermediate shown in the first step. 
Ipso Attack 
Over the past few years aromatic nitration has been 
l t d b th iti f i attackl6 1 17. r~ a comp ica e y e recogn on o pso ~ 
nitronium ion reacts with a benzene derivative c 6n~, the 
resulting encounter pair can produce four Whel&nds by ipso, 
ortho 1 meta and para attachment of the nitronium to the ring. 
X X 
+ ( 1.5 >' 
11 Ill ... IV 
4 
The ipso Wheland ( I above ) can have six possible fates •-
(i) Capture by a nucleophile, 
(ii) Rearrangement by 1,2 migration of the nitro, with loss 
of a proton. 
(iii) Similar migration of X, 
(iv) Loss of X, 
(v) Loss of a proton or related group from a substituent 
remote from the ipso position, 
(vi) Return to the encounter pair or starting material, 
Encounter Control 
The effect of molecular diffusion upon the rate of 
nitration of reactive substrates was first discussed by 
1 Schofield , It was found that the observed second order rate 
constant, k2 , approached a theoretical limit in concentrated 
sulphuric acid, This is due to the rate being controlled by the 
rate of encounter of two such molecules in such a viscous 
medium. This point can be illustrateq by a comparison of the 
observed and predicted k2 values for a number of reactive 
aromatics at 25°C in 68.~ wt % sulphuric acid ( Table I ) and 
also the relative rate of toluene nitration to that of benzene 
in increasing sulphuric aoid concentration ( Table II ). 
Aromatic 
Benzene 
Toluene 
Diphenyl 
p-Xylene 
o-Xylene 
m-Xylene 
Mesitylene 
Naphthalene 
Phenol 
( 
Table I 
k2 Observed 
dm) mol-l s·1 
0.058 
1,o 
0.92 
2,2 
2.2 
2,2 
2,1 
1,6 
1,4 
5 
k2 Predicted 
) ( dm) mo1• 1 8-1 ) 
1 
23 
~5 
50 
60 
400 
16,000 
~00 
lo,ooo 
The rate constant for encounter, ke, can be estimated 
from the equation, 
ke = §liT 
3'1'] 
( 1. 6 ) 
The observed second order rate constant of nitration is related 
to ke by the relationship a-
ke ( 1. 7 ) 
where (No;] is the nitronium ion concentration and (HNo 3J is 
the stoichiometric concentration of nitric acid in sulphuric 
acid. 
Table II 
wt % H2so4 k2 Toluene / k2 Benzene 
63.2 16.5 
68.3 17.2 
70.2 15.4 
75.3 7.2 
77.5 8.5 
77.7 5.0 
80.0 4.8 
Schofield1 estimated (No2] to be lo-8M in 68.3 wt ~ 
sulphuric acid and ke is ea 6 x 108 dm3 mol-l s-1, giving a 
value of k2 ea 6.0 dm3 mol-l s-
1 which is in good agreement 
With the value of c& 2 dm3 mol-l s-1 seen for the aromatics in 
Table I. 
Under encounter control conditions reaction { 1.3 ) is 
' 
much faster than reaction { 1.2 ) and the second order rate 
constant is given by equation ( 1.7 ). 
Although the rate of nitration is limited by problems of 
encounter control, the second order rate constant, k2 , increases 
rapidly with increasing sulphuric acid concentration. This is 
6 
because the concentration ratio (No;] / [HNo,J increases from 
ea lo-8 in 68,) wt % to l in 90 wt % sulphuric acid and it is 
this ease of nitric acid ionization, which accounts for the 
use of mixed acid in industrial nitrations. 
Zero Order Kinetics 
The rate of aromatic nitration under normal homogeneous 
conditions follows second order kinetic behaviour, the rate 
being dependent on the concentration of aromatic and on the 
nitric acid concentration in the sulphuric acid, such that •-
( 1.8 ) 
However, under certain conditions, the rate may become 
independent of the aromatic conoentration,i.e. zeroth order with 
respect to the aromatic. Ingold7 was the first to discuss this 
aspect for the nitration of reactive aromatics in organic 
solvents. When zeroth order kinetics prevail the rate determining 
step is the ionization of the nitric acid and not the attack 
of the eleotrophile on the aromatic. 
The nitration of aromatics in mixed acid may be simply 
written as t-
I 
+ kl + nno, + H I N02 + H20 
k_l 
( 1.9.) 
I 
+ Ar 
k2 H+ N02 + H Ar N0 2 + ( 1.10 ) 
Either ( 1.9 ) or ( 1.10 ) can be the rate determining step 
and the rate equation can be arrived at by considering steady 
state conditions for the nitronium ion, then •-
7 
( 1.12 ) 
The rate of reaction is now given by •-
R : k~ (No;) (Ar nJ: ... [H ) (Ar H) ( 1.1:; ) 
For first order conditions k:1CH2oJ ~ k~ (Ar H) and 
R = k 2 (HNO:;) (Ar H) ( 1.14 ) 
where ( 1.15 ) 
I J + R = k 1 [HNO:; (H ) ( 1.16 ) 
The rate is now independent of aromatic concentration ( zeroth 
order ) and is governed by the rate of formation of nitronium 
ions. 
Zeroth order kinetics are not easily observed in mixed 
acid conditions. With reactive aromatics there is the problem 
of encounter control before zeroth order kinetics can be 
detected. Many aromatics have low solubilities in sulphurio, 
nitric acid mixtures making accurate determinations of their 
concentrations difficult. However, Chapman18 showed that a 
change over from first order to zeroth order kinetics oocured 
for toluene and o-xylene in 70 - 80 wt ~ sulphuric acid. This 
is good evidence that the nitronium ion is the effective 
electrophile in mixed acid conditions and_possibly shows that 
this species is the electrophile in weaker acid solutions and 
not the nitrosonium ion, No+, as postulated by Ingoldl9 et al. 
8 
However, in the presence of nitrous acid, nitration will take 
plaoe by this speoies through the following reaction20, 
· Ar H + HN02 
slow ( 1.17 ) 
Ar NO + HNO;; fast ( 1.18 ) 
Recent work by rranson et al21 on the nitration of aromatics 
by nitrio aoid in organic solvents also shows the oharaoteristio 
change over in kinetics i'rom first to zeroth order with respect 
to the aromatic concentration. It is interesting to note that 
the change.over 
to that of the 
occurs at a CR20J / [HNO;] ratio very similar 
22 25 spectroscopic detection limit ' for the 
nitronium ion. This indicates that at this point the reaction 
between nitronium ions and water becomes kinetically significant 
as it oompetes with the nitronium ion - aromatio reaction and 
acoounts for the change over to first order kinetics. 
Hanson et al also studied the nitration of various 
aromatics in the nitrio aoid - water system in the o.bsonoe of 
organio solvents, Comparison of the relative rates of nitration, 
with respect to benzene, with those obtained by Hoggett 1 Moodie 
and Schofield 24 for nitrations, in the aqueous organio solvents 
sulpholan and nitromethane is quite good. This supports the 
nitronium ion mechanism as it indicates that a similar reaotio.n 
mechanism holds £or both aqueous and organic sys~ems, 
Small concentrations o£ nitrate ions stronB;ly retard the 
zeroth order rate, without changing the kinetio form, This 
observation is significant as it shows that the formation o£ 
the nitronium ion ( the rate determining step under these 
conditions ) must ocour in two steps as seen in equation ( 1.1 ), 
The first reaction is easily reversible, but under zeroth order 
9 
conditions, the second reaction is poorly reversible as the 
aromatic traps any nitronium ions as quickly as they are 
formed. Therefore, a pre - equilibrium step must exist which 
leads to the postulation of the existance of the nitric aoidium 
+ ion H2No, • It has been suggested that in weaker acid solutions 
this species is the effective nitrating agent although kinetic 
differences between nitration by this ion and an hydrated 
nitronium ion would be difficult to distinguish. 
Addition of sufficiently large quantities of water to 
zeroth order conditions will bring about a change to first 
order kinetics, whereas small changes in the water concentration 
have little effect. This information supports the theory that 
water is not produced in the easily reversible first step of. 
equation ( l.l ), but in the second step with the production 
of the electrophilic species. 
Further Evidence for the Nitronium Ion Mechanism 
Further proof of the nitronium ion being the nitrating 
species in aqueous sulphuric acid has also been established by 
correlations of the rate of reaction with acidity functions 1 • 
The acidity function HR was first defined by Westheimer and 
Kharasch25 as being a quantitative measure of the ability of 
an acid to ionize a. secondary base according to the equation 
+ + 
1-
ROH + H R + H 0 ( 1.19 
2 
) 
and Hn = PKnoH - log [R+] ( 1.20 ) [ROHJ 
The secondary bases used are often tri aryl carbinols which 
provide a reference to compare the protonating power of various 
acids. The similarity of equation ( 1.19 ) and ( 1.1 ) indicates 
that there should be a linear relationship between log k 2 and 
10 
the aoidity function HR, This relationship was observed by 
Westheimer and Kharasch for the nitration of nitrobenzene in 
82 - 88 wt % sulphuric acid and the correlation was extended 
to lower acid compositions by Lowen, Murray and \Villiama 26 and 
Deno and Stein27 ~ :However, Deno and Stein found considerable 
deviation in their data over the 65- 85 wt if. sulphuric.acid 
28 
range. This deviation was used by Schofield et al , together 
with other data, to show that excellent correlations were 
obtained by use of a. now acidity tunction1 , HR+ log an2o~ 
The excellent agreement of kinetic data with this function 
over the range 60 - 84 wt % sulphuric aoid was attributed to 
the nitric aoid existing predominantly as the monohydrate, 
. . 
HNO,.H2o. This opinion was supported by the work ot Hogfeldt
29, 
who had shown the predominance of the monohydrate in the 
nitric aoid -water system, when log an2o )-1.70, The data 
of Scho!ield indicates the predominance of the monohydrate in 
the sulphuric aoid - nitric acid - water system when log on2o 
)-2~70 ( i,e, less than 65 wt% H2S04 )• 
1,3 Heter~r.9neous Aromatic Nitration 
Industrial nitrations are invariably two phase with 
mixed acid as the nitrating agent and take place in batch or 
constant flow stirred tank reactors.:Much of the work,in this area 
has been carried out using toluene as this is the most 
commercially important reaction. The early worlt in this field 
has been cri.tically reviewed by Hanson, Marsland and Wilson5 
and more recently by Straoha.n6• 
For two phase systems most workers are agreed that the 
nitration.ta.kes place in the aqueous phase. Work by Hanson, 
Albright and Schiefferle}O has shown.that nitration and 
oxidation reactions do take place in the organic phase, but 
ll 
the rate is significantly reduced by the formation of an 
aqueous phase during the reaction. Under two phase reaction 
conditions the rate is controlled by three regimes~1 • 
A Kinetic Regime 
For this case, the rate of reaction is slow compared to 
the rate of diffusion of aromatic from the organic to aqueous 
phase. The aromatic concentration in the aqueous phase is 
maintained at an equilibrium value equal to the saturation 
concentration. The rate equation for these conditions is given 
by, 
( 1.21 ) 
where k2 is the second order rate constant for homogeneous 
nitration in the acid phase and [HNO~) and [Ar H]a are the 
concentrations of nitric acid and aromatic respectively, in 
the acid phase. 
B Slow Reaction Diffusion Regime 
This regime usually operates over a small concentration 
range where the rate of reaction is fast enough to keep the 
concentration of the aromatic in the bulk of the acid down to 
zero, but not fast enough to prevent an accumulation at the 
interface. This means that the rate is now independant of the 
kinetic rate constant and dependant on the mass transfer of 
aromatic into the acid phase. The rate equation is· thus, 
R:: a' k[Ar H)a ( 1.22 ) 
I . 
where a is the interfacial area per unit volume of the acid 
phase and k the overall mass transfer co~fficient. 
12 
C Fast Reaction Reg~ 
In this regime the rate of reaction is fast enough to 
prevent accumulation at the interface, Under these conditions 
the overall rate is dependent on the concentration gradient 
at the interface which will be dependent on the diffusivit7 
of the aromatic together with the kinetic rate in the aoid 
phase, This leads to the equation a-
( 1.2~ ) 
where D is the diffusivity of the aromatic in the acid ph&se. 
The acid strength at which the ohangeover from kinetic 
to mass transfer control occurs will depend upon the reactivity 
of the aromatic. Cox and Strachan4 measured the rate of 
nitration of chlorobenzene in a stirred reactor using 70.2 
wt ~ sulphuric acid and a nitric acid concentration of 0.032 mol 
d -3 m • The7 found good pseudo first order behaviour and measured 
an overall activation ener~ of 20.9 t 0,1 kcal mol-1 • This 
agrees excellently with the value of Ek2 • 6HsoL equal to 
20.9 ! o.~ koal mol- 1 and means that the rate is kinetioally 
controlled in accordance with equation ( 1.21 ). These workers 
also performed runs with toluene, in 70.2 wt % n2so4, which 
needed to be diluted in ohlorobenzene owing to ita greater 
reactivity. In this case the first order plots where initially 
curved which suggests that mass transfer control was beginning 
to become significant. This is in agreement with the earlier 
work of Mc~inle7 and White 32 and Barduhn and Kobe33 on toluene 
nitration, in which the changeover from kinetic to mass transfer 
control has been shown to occur in the region of 30 mole ~ 
sulphuric acid ( 70 wt ~ ). 
The validity of equation ( 1.23 ) has been confirmed by 
13 
Chapman and Strachan34 for chlorobenzene in a stirred cell at 
80 wt ~ sulphuric acid and by Hanson and Ismail35 for toluene 
in a laminar jet. Their rate expression is given by •-
( 1.24 ) 
where D = the diffusion coefficient 
A interfacial area per unit volume ( I in equation 1.23) = a 
k = rate constant ( k 2 in equation ( 1.2; ) 
Q = eo = concentration in organic phase 
CA concentration in acid phase 
Hence CTo = CTA =[T]a in equation ( 1.2; ) and 
~ 
CNA= 0INo 3]in equation ( 1.2; ). 
Therefore, it can be seen that equations ( 1.2; ) and ( 1.24 ) 
are identical. 
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CHAPTER TWO 
Experimental 
2,1 The Preparation of Aqueou~L..§_ulphuric and Nitric Acid Solutio~:!.!!. 
Aqueous solutions of sulphuric and nitric acids were 
prepared by adding Analar grade concentrated acid ( also 
1 fumin~ I for nitric acid ) to ice cold distilled water. The 
compositions of these solutions were measured by density and. 
volumetric methods, 
The hydrometers used for the density measurements were 
Gallenkamp models ef the appropiate 0,05 density range, The 
ti trations were made with 1! / 20 sodium hydroxide using methyl 
' 
orange indicator. 
2,2 Measurement of the Second Order Rate Constant. (k2l 
T~e second order rate constant was not measured directly, 
but calculated from a pseudo first order rate constant, the 
concentration of the nitric aoid always bein~ in vast excess 
of the concentration of the aromatic. Rate measurements were 
made using ohlorobenzene, para-dichlorobenzene and toluene, 
' 
The nitration reaction was followed in a Rilger and Watts ll700 
spectrophotometer using l cm matched silica cells. The instrument 
was fitted with a thermosta.tted cell holder and controller, 
capable of maintaining a given temperature to ~ O,l°C, The 
temperature was set using a thermometer with scale divisions of 
O,Ol°C, whose calibration had been checked by reference to the 
ice point of water and the sodium sulphate transition temperature, 
The reaction was followed at }40nm to avoid interference from 
the nitric aoid spectrum. In all oases, the reference solution 
was the appropiate acid mixtu1•e without aromatic present. 
2,3 Addition·of Aromatic to Acid Mixtures 
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1. Aqueous Nitric, Sulphuric Acid Solutions of Equal Mole ~ 
Composition 
A saturated solution of the aromatic in sulphuric acid 
was prepared at ooc. An excess of the aromatic was stirred 
with the sulphuric acid solution for 30 minutes and then 
allowed to separate over several hours. The excess aromatic 
was then decanted off and the solution was allowed to come to 
room temperature. This gave a solution of approximately 10-3M 
in the aromatic. 
A typical run, using this method, was to put the required 
amounts of nitric acid and sulphuric acid { containing aromatic 
solutions, in a water bath held at 25 : O.l°C, The reaction 
was started by mixing the two acid solutions together and 
quickly transferring a sample of the mixture to a 1 om silica 
cell, held at 25°C, in the spectrophotometer. The rate was 
followed as given previously. 
2, Aqueous Nitric, Sulphuric Acid Solutions of Unequal Mole~ 
Composition 
Method 1, could not be used in this case as the large 
heat of solution upon mixing would raise the temperature of 
the solution enough to effect the kinetic measurements~ In this 
method the acids were mixed prior to the addition of the 
aromatic and allowed to equilibrate at 25 ± o.l0 c. To start 
the reaction a fewAl of aromatic was added to the mixture 
using a syringe ( a small crystal for para-dichlorobenzene ), 
The mixture was shaken vigorously and a sample was transferred 
to a 1 cm silica cell as before. 
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CHAPTER THREE 
Results 
3.1 Determination of k2 Contours 
The pseudo first order rate constant k1 was determined 
using Guggenheim's method as an infinity absorbance value was 
not clearly observed due to much slower dinitration, oxidation 
and sulpbonation reactions taking place. The second order 
rate constant, k 2, was calculated from the equation z-
( 1.25 ) 
The k2 values for each series of runs, along a line 
joining the initial mole % composition of each acid on the 
three component diagram, were obtained by the above method. 
k2 was measured over the range lo-5 5 X lo-3 dm
3 1-l -1 
-
mo s • 
A plot of log k2 versus the mole % HNo 3 or log mole ~ HNo 3 was 
found to be linear along such a line. Using least squares da.ta 
the mole % HNo 3 for k2 values ( 0.5, l, 2, 4. a, 16, 32 ) X 
lo-4 dm3 mol-l s-1 was interpolated. Likewise, a set of k2 
values ( 0.5, 1, 2, 4, a, 16, 32 ) X lo-4 dm3 mol-l s-1 was 
obtained for each series of runs and by joining points of equal 
rate constant, on the three component diagram ( Fig. I ) 1 a 
series of k2 contours was found for each aromatic. The data 
for each point is given in Appendix I. 
Initial rate measurements on chlorobenzene were made 
using acid solutions of constant weight % composition. In this 
( ) 4 3 -1 -1 case the k2 values 0.5 - 32 x 10- dm mol s were 
evaluated by plots of k2 versus the weight % nitric acid present. 
Later these values were converted to more fundamental mole ~ 
values, which are also shown in Fig. I. 
k2 data very close to the HN03 = 0 axis was interpolated 
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i'rom the r'esults oi' Schoi'ield2 et al. 
The contours oi' k2 i'or the three aromatics studied are 
parallel, equal distance apart i'or each i'aotor two step oi' k2 
and almost perpendicular to the mole ~ HNO:; = 0 axis. This 
range oi' k2 values was chosen as the most convenient to measure 
with the available equipment. The initial weight ~ data i'or 
ohlorobenzene and the data obtained i'rom Schoi'ield et al agrees 
well with the other data collected. The similarity of the 
contours for eaoh aromatic suggests little ohange in the 
mechanism of nitration over this acidity range. 
Lor; ( ~2 x ( HNO:;) ) Versus Lo~ole % HNO:;..l Plots at_Q.Q.!!stant 
Mole % g2so4 for Chlorobe~~ 
The points for these plots ( Fig.· II ) were. determined 
by taking a constant mole ~ sulphuric acid and recording the 
values of the mole ~ HNO:; where the line of constant mole ~ 
H2so4 crossed each contour of k2 • These plots were made for 
chlorobenzene at 5 mole fo intervals from 5 - 25 mole ~ rr2so4 
inclusive. Mo~inley and White;; 2 had shown, from two phase 
studies, that as the mole ~ rr2 so4 increased, the slope of the 
plot would deorease i'rom infinity at zero mole% rr2so4 to unity· 
above :;o mole ~ rr2so4.The plots are linear and confirm the 
trend i'ound by MoXinley and White. The slopes of these plots 
are given in Table Ill; 
~ble Ill 
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Comparison of k2 Values for Chlorobenzene and Para-dichlorobenzenE 
, in the same Media, for Various Nitric Acid Concentrations. 
k2 values for the two aromatics were measured in three 
separate media to get an absolute relationship betwe~n the 
rate constants for increasing nitric acid concentration. The 
solution compositions together with the ratio of the rate 
constants is given in Table IV. 
Kola % HNo 3 
5 x lo-5 
18.7 
25.1 
Table IV 
k2 
k2 
( chlorobenzene ) 
( p-dichlorobenzene 
72.1 
68.3 
63.0 
) 
From Schofiald 1 s 2 partial rate factor data, the predicted 
ratio corresponding to the first value in Table IV is 76.1 
{ ± 10 ). Moving to higher nitric acid concentrations, there 
is no comparable data, though the values of Table IV indicate 
a slight convergence of the k2 contours. 
3.2 Activation Energy Calculations for the Nitration of 
Chlorobenzene under Varying Acid Conditions 
The activation energy !or the mononitration of ohloro-
benzene was measured for different mole ~ sulphuric acid 
solutions, keeping the concentration of nitric acid very small. 
Secondly, the activation energies of nitration of chloro-
benzene were found using high concentrations of nitric aoid. 
The activation energy was found by measuring k2 , for a 
given mixture, at several different temperatures and obtaining 
6E from the slope of the Arrhenius plot of log k2 versus 1/T. 
Low Nitric Acid Concentrations 
The solution compositions and measured activation energies 
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are given in Table v. In all cases the initial concentrations 
of chlorobenzene and nitric acid were lo-3M and 8 x l0-2M 
respectively. The addition of the chlorobenzene to the acid 
solutions was by method 1, given in the experimental and for 
each activation energy, k2 was measured at 5°C intervals of 
temperature over the range 25 - 50°C inclusive, 
Table V 
Weight '/> H2so4 Uole 'fo H2so4 ( -1 t!.E kcal mol 
66.5 26.70 20.4 
67.5 27.60 19.4 ( re£. 2 
68.4 28.43 19.6 
70.2 30.18 17.0 ( re£. 4 
70.8 30.79 17.7 
72.1 31.77 16.3 
74.2 34.55 15.2 
) 
) 
) 
79.5 41.58 11.0 ( re£. 18 ) 
Error in 6E is t 0,2 kcal mol -1 
Fig, Ill is a plot of 6E versus weight <f> H2S04• L~ta 
for para-dichlorobenzene and fluorobenzene from Schofield2 et 
al is also plotted, Straight line plots are expected from 
the linear relationship of acidity function to weight <f> 
sulphuric acid over sulphuric acid compositions 60 - 80 weight 
'{o. The activation energy decreases with increasing sulphuric 
acid composition over this range, the slope for chlorobenzene 
being -0,714 kcal mol-l ( weieht ~ H2So4 )-1. 
High Nitric Acid Concentrations 
The solution compositions and the measured activation 
energies are given in Table VI. Addition of the aromatic was 
by method 2, in the experimental, 
From the activation energy data for low and high nitric 
acid concentrations, the activation energy does not remain 
the same along a contour of k 2 • The change in activation energy 
along a k2 contour of Fig. I is in excess of 15 kcal mol-
1
, 
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Variation o! /j,E with Sulphuric Aoid Composition !or Pluorobenzene 
, Chlorobenzene and p-Dichlorobenzene. 
..... 
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X - p-dichlorobenzene 
• -chlorobenzene 
• - fluorobenzene 
o -Schofield et al 
a -Cox and Strachan 
A -Chapman 
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65 70 75 eo 
Ta.ble VI 
Jrlole 'f, n2so4 Mole 'f, HN03 t.E 
o.o 
1.2 
2.4 
3.6 
4.9 
40.0 
39.5 
39.0 
38.4 
37.8 
-l Error in t.E is ± 0.2 kcal mol • 
( kcal mol-l ) 
17.5 
16.4 
14.7 
13.9 
11.8 
AH, AS Plots Arising from the Activation Energy Measurements 
Low Nitric Acid Concentration 
Change in enthalpy versus change in entropy plots are 
often linear as highlighted by Leffler and Grunwald3 6• The 
equation used in calculating the entropy values can be written 
as r-
log k2 + F = log ( \ T) + -(t.H*• t.H) ~ ( 1.26 ' 
2.303 R T 
where k2 is the second order rate constant, k is Boltzmann 1 s 
constant, his Planck's constant, R is the molar gas constant 
and T is the temperature of the reaction in degrees Kelvin. 
( AS* +AS ) and ( All* + t:.H ) are the overall entropy and enthalpy 
of activation respectively. The detailed derivation of this 
equation is given in section 4.3. 
F is an acidity function given by r-
F = - ( Hn + log an20 ) 
For low nitric acid concentration, 
made that (nNo3J = onno; and (no~) = 
( 1. 27 ) 
the assumption is 
* auo; • The ( 6H + A.H ) 
values are those activation energies already calculated and 
the temperature used to calculate the entropy values was 298 K. 
• * Table VII gives the ( A.R + ll.H ) , ( bS + ll.S ) data 
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together with values from other workers2 • 4, l8 and Fig. IV 
• • is a plot of { 6.H + 6H ) versus { 6S + t.s ) • 
~e VII 
( 6.H"' + 6,II ) ( kcal mol- 1 · ) ( . ,. . ,6S + 6S ) ( cal mol-l deg-1 ) 
20.4. -56.51 
19.6 -59.26 
19.4 ( ref. 2 ) -60.45 
17.7 -64.88 
17.0 ( ref. 4 ) -67.49 
16.3 
-68.59 
15.2 
-70.85 
11,0 (ref. 18 ) -82,69 
Fig, IV is a good straight line of slope,p , of 365 K, 
High_l!itric Acid Concentration 
HR + log aH20 values were not available for the three 
component system and so these were extrapolated as follows. 
HR + lo'g a H2o values are known for the two component syatemo, 
rr2so4 - H2o37 and liNO; - H2o3
8 and so values of HR + log au2o 
oould be plotted on the axis of the three component diagram, 
data for which is given in Appendix II. By joining points of 
equal HR + log on20 value, contours were obtained, the 
assumption being made that these contours are straight linos. 
Then values of HR + log aH2o for the three. component system 
were taken from the three component diagram (Fig. V). 
At high nitric ao.:l.d concentrations (HNO;J t: aHNO; and 
equation ( 1,26 ) needs to be modified to a- ( 1,28 ) 
log k2 + F • log b' liNO; = log(kT) + (~Sot +AS\ 
. h \2.;o:; i) .1 T 
Activity data for the three component system was obtained 
from later work ( Part III ) and this was used to evaluate 
values of lo3 ~HNO • Then using equation ( 1,28 ) values of 
3 
25 
flS"'+ f:lS were calculated and are given in Table VIII. Fig. VI 
"' "' plot o£ f:lH ~ f:lH versus f:lS + f:lS and can be seen to be a is a 
good straight line o£ slope,~= 307 K. 
~~VIII 
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Fig. IV 
Variation o£ Enthalpy and Entropy with Sulphuric Acid 
Composition tor Chlorobensene and Low (HN03J 
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CHAPTER FOU!l, 
!L! Sicnificanoe of k2 Contours 
The path of the contours ( Fig. I ) shows the nitration 
rate to be considerably more dependent on the sulphuric acid 
concentration than on the nitric acid concentration. The 
dependence of the rate on [II2so4J 1 (HNO~J is in the region. 
of 2 1 1 for the section of the three component diagram 
studied. This great dependence of rate on sulphuric acid 
concentration has already been discussed for the mainly two 
component syetem1 •2 ( n2so4 - n2o) in which the ratio [No2J/ 
[HNO~) varies from ea 10•8 in 68.~ wt% sulphuric acid to 1.0 
in 90 wt% sulphuric acid. Therefore, the protonating power 
of sulphuric acid, which will increase with increasing 
sulphuric acid concentration, will determine the concentration 
of nitronium ion present in solution. This means, in effect, 
that contours of acidity function for the three component 
system, will represent lines of equal nitronium ion o,oncontration, 
The £~~mation of nitronium ion in the mixed acid system can 
be represented by the following equation, 
+ 
HA being any a.oid or proton donor and A-. its conjugate base. 
In the n2so4 - HNO~ • H20 system, HA can be n2so4, liNO~, HS04-, 
+ H~O or a. combination of all of these. Evidence that nitric 
acid is in the form of the monohydrate was used when calculating 
the aoiditT functions. 
There is a divergence at increasing nitric acid 
ocncsntration of the k 2 contours ( Fig. I ) and the contours· 
of acidity function ( Fig. V ), lines of equal nitronium ion 
concentration. This oan be explained by the fact that nitric 
acid concentrations and not nitric acid activities were used 
to calculate k2 • At low concentrations of nitric acid, the 
differences between [HNO~] and aHNO~ will be small, but the 
differences will become more significant as the nitric acid 
concentration increases. The activity of nitric acid in the 
three component system is not easily measured. Redlich~9 et al 
have shown for the system HNO~ - H2o that the activity is 
dependent on the degree of dissociation of the acid, the rate 
constant of which changes considerably with increasing nitric 
acid concentration. Without knowledge of the degree of 
dissociation of nitric acid for the three component system, it 
is not possible to evaluate a true activity coefficient and 
hence be able to construct contours of true k2• This divergence 
being due to the activity dependence of the contour is 
demonstrated by the large difference in activation energy in 
moving from one end of a contour to the other. The difference 
in activation energy at the opposite ends of one contour is 
-1 One. 
greater than 15 kcal mol , whereas in moving from~end to the 
other of an acidity 
energy is less than 
function contour, the change in activation 
-l ~ kcal mol • This evidence together with 
the linearity of the activation energy versus wt ~ sulphuric 
acid plot for chlorobenzene ( Fig. III ), is good indication 
that the nitronium ion is the nitrating species in the three 
component system. 
It was found that for both sets of activation energy 
measurements in low and high nitric aci<j..concentrati.ons, t}le 
activation energy decreased with increasing acidity. As the 
~l 
acidity increases, so the amount of water present in the 
system decreases which is an important factor. With an increase 
in water concentration, the nitronium ion becomes more hydrated, 
making its attack on the aromatic increasingly more difficult 
and so increasing the activation energy. 
and 
Recently some work has been published by Hanson, Pratt 
21 Sohrabi , in which nitrations were carried out in 
concentrated nitric acid. From the present study values of k1 , 
the pseudo first order rate constant, have been interpolated 
~long the nitric acid- water axis for comparison with Hansen's 
data. The comparison is given in Table IX and is !or toluene 
nitration, !or which there is good agreement, For chlorobenzene, 
k1 in the present study at 15.87 mol dm-~ was 1.~8 x lo-4 s-1 
which compares favourably with the value of 0,697 x lo-4 s-1 
for 15 mol dm-~ as found by Hanson et al. 
Table IX 
(HN03] mol dm-3 kl ( s-1 x 103 ) kl ( s-1 X 10~ ) 
Hanson et al Present Study 
1~.5 1.24 1,18 
14.0 2.74 ~.04 
14.5 6.70 7.80 
4,2 Importance of k 2 Contours to Two Phase Aromatic Nitration 
There is good agreement between Fig II, log ( k2 x (HNO~]) 
versus log mole ~ HNO~ in the aqueous phase for chlorobenzene, 
with the logarithmic plots of Ra / XT versus mole ~ HNO in 
~2 ~ 
the aqueous phase for toluene, by Mckinley and White • This 
is good evidence that in this section of the three component 
diagram, two phase nitration, under the reaction conditions 
employed by these workers, is kineticall;r. controlled !or both 
toluene and chlorobenzene. In the homogeneous nitrations studied 
~2 
here, the rate is determined by kinetics only and therefore 
like trends in heterogeneous nitrations will indicate that the 
kinetics are also controlling, and not mass transfer. 
For the two phase nitration of toluene, the rate in the 
kinetic regime 1 Ra :: k2 (HN03] [T]a :: k2 (HNO~ • XT [T]~ 1 
where XT is the mole fraction of toluene in the organic phase 
and (TJi is the saturation solubility or toluene in the acid 
phase. For low concentrations of nitric acid (HNo 3) :: FN where 
N is the mole ~ nitric acid in the acid phase and F is a 
constant given by lOO d/ ( 985 + 18 ( lOO-S)}, d and S 
being the g/cm3 density and mole % sulphuric acid respeotively. 
Then for low nitric acid ooncentrations, Ra / XT:: k2 (T)~ FN 
and plots of log Ra/XT versus log N Will be linear of slopes 
of unity. 
If the nitric acid concentration increases, so N is no 
longer small, then the slopes of these plots will become greater 
than unity as is observed for both Kc~inley and White's two 
phase data and for the present study on the single phase 
nitration of chlorobenzene. This is because at higher nitrio 
acid concentrations, the nitrio acid itself is oontributing to 
the acidity, so increasing k2 and thus Ra/XT = k2 (TJ~ FN 
becomes proportional to a power of N greater than unity. 
Cox and Strachan4 and Chapman and Strachan34 found for 
the two phase nitration of ohlorobenzene, that the rate was 
kinetically controlled in ~0 mole ~ H2so4 and mass transfer 
controlled in 40 mole~ H2so4 • These findings are consistent 
with the data for the present study. KcXinley and White plotted 
Ra/XT on a three component diagram for b~th their data and that 
of Lewis and Suen4°. Again there is a striking similarity 
between the path of the Ra/XT contours for heterogeneous 
nitration and the k2 contours for the present homogeneous 
nitration. This is further evidence for the prevalence of 
kinetic control in this area. 
For a general aromatic 1 A, the transfer from kinetic. to 
mass transfer control occurs when Ra/XT = a'k (A]~. The value 
I 
of a k is unlikely" to vary from one aromatic to another and 
hence the regime which is rate controlling is largely dependent 
on the solubility or the aromatic in the acid phase. The more 
soluble the aromatic, the more likely is its nitration to be 
kinetioally controlled. This enables kinetic control to still 
prevail at high nitrio concentrations, as an increase in k2 
resulting from the increased acidity will be offset by a greater 
solubility of the aromatic in the aoid phase. However, it must 
be stressed that the reaction conditions and the rate of mass 
transfer are initially important parameters in determining the 
regime and the above observations of kinetic control will not 
hold in all oases. 
4.3 Acidity and Energy Factors Affecting k2 
Low Nitric Aoid Concentration 
Considering the equations for the mechanism of nitration 
( 1.29 ), ( 1.2 ), ( 1.} ), ( 1.4 ), 
For the pro-equilibrium, 
( 1.30 ) 
For low conoentrations of nitric aoid 1 then aHN0 3
.H
2
o"" (HN03.H 2oJ 
and aNo2 = (No;]. 
Henoe, (No;] = 
(Hllo3 .H2o] 
( 1.31 ) 
34 
The nitration rate = k; [No;] [Ar H] ( 1.32 ) 
1.33 ) 
Therefore, the experimentally observed second order rate 
constant 1 
k k ' K 2 = 2 ( 1.34 ) 
and is a product of three quantities, a true rate constant, 
an equilibrium constant and a measure of the protoning power 
of the medium. 
Taking logs, then 1-
1 1 k ' 1 1 og k2 = og 2 + og K + og ( 1. 35 ) 
However, ( 1. 36 ) 
where HR is an acidity function defined in the following manner. 
If a small quantity of base BOH is added to the medium, then 
BOH + HA B + H20 + A 
- ( 1.37 ) 
Therefore 1 K 
+ 
= [B ] QA- , 0H2o ( 1.38 ) 
[BOH] 0 HA 
and OR! = (B+] • Kc where Kc = 1/K 
0H o 2 
• aA- [BoHJ 
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thus ( 1.40 ) 
The acidity !unction, HR, and log aH20 are dependent on the 
acids present in the medium and their concentrations. The 
( HR + log aH
2
o ) term is designated F and so equation ( 1.35 ) 
can be rewritten as, 
I 
log k2 = log k2 + log K - F ( 1.41 ) 
Then using the transition state theory to define reaction 
constants, the above equation can finally be rewritten as, 
... This equation was used to calculate the !;.S + !;.S values 
for • + 'f the plots or t;.K + /!;H versus ~s + /!;s. t;.H + !;.H are, in erreot, 
the activation energies measured experimentally and so their 
• values will not depend on the acidity !unction used. The t;.S + ~S 
values will be acidity function dependent and it is important 
to use the best acidity !unction to give the correct slope 
and value or~· Both acidity !unctions HR and H0 were used !or 
• calculation or !;.S + t;.S values and it was round that the best 
"' "' ~H + t;.H/bS + !;.S correlations were obtained using the HR acidity 
function. 
The slope, p, has the dimensions of temperature and its 
value indicates the relative importance of entropy and enth&lpy 
factors !or a given reaction. 
= 
[ ( !;.H ) 
S (M ) 
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( 1.43 ) 
The corresponding change .in the £rea energy, ~ ( t,F ) , is 
given by •-
J ( t,F ) : [ ( t,H ) ~ T £ ( t,S ) ( 1.44 ) 
= J ( t,H ) (1 - ~j ( l. 45 ) 
Equation ( 1,4} ) states that £or a series o£ di££arant media, 
& t,H will be proportional to S t,S, the assumption being made 
that the medium effect involves a single interaction mechanism. 
I£ the actual temperature of the reaction is lass than ~· 
the enthalpy term will dominate, 'and the change int,F will be 
in the same direction ~a the change in t.H. This means that the 
rate constant, k2 , or the equilibrium constant, K, increases 
• as t,H +' t.H or t,H decreases. \'/hen the aotue.l temperature is 
greater than p, then the entropy term dominates e.nd this will 
. .,. 
result in a lower re.te as t.H -r t.n deoree.aes, Lastly, i£ T=~ 
and there are many reactions where p is around room temperature, 
then the rate constant will remain independent o£ the; solvent 
change,· 
... A decrease in the enthalpy barrier t,H is often offset 
by t.s'tbeooming more negative, due to greater rigidity or lose 
of freedom in forming the transition state, As the activation 
energy is smaller, there will be greater interactions in the 
transition state and so the ohe.nga in entropy will be mora 
negative than £or a less rigid transition state. 
p in the present study was found to be }65 x. This is 
higher than the temperature of raaotion·e.nd so k2 would be 
expected to increase with decreasing aotive.tion energy which 
was true. However, the change in aotiva.:t;ion e'nthalpy ,might be 
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accompanied by a change in activation entropy, the two effects, 
effectively cancelling each other out,leaving the change in 
acidity as the main !actor affecting the rate. Related enthalpy 
and entropy changes is the reason why a change in activation 
energy cannot automatically be associated with a change of 
mechanism for a particular chemical reaction. 
1 Sohofield et al plotted log k2 versus - ( HR + log aH 0 ) 
for a number of aromatics and found that the 
2 
plots had elopes 
near to unity. The elope for chlorobenzene is equal to 1.0628 
over the sulphuric acid concentration range of 60 - 72 wt ~· 
I This indicates that the product of k 2 K will remain constant 
and independent of the medium. From the data of the present 
study, such a plot would have a elope of 1.26, whioh is higher 
than that found by Schofield et al 1 but is still in agreement 
2 4 8 
with their data and that of Cox and Chapman as seen in 
Fig IV. 
High Nitric Acid Concentration 
At high nitric acid conoentra.tions aHNo; ~ CHNO;), but •-
( 1~46 ) 
• The equation for calculating 6S + 6S can now be derived in the 
sa.me manner as for equation ( 
~HNO • (HN03J. This leads to ; 
1.42 ), substituting aHNO with 
; 
the following equation, ( 1.47 ) 
log k 2 + F - log <,.,3 • log ~9 + (!::.Sot +L\S \ - (6H't +L\R\.1 \:2.303 ~ ~2.303 RJ T 
Contours of nitric acid activity for the three component 
system were extrapolated from nitric acid distribution 
coefficient data, in carbon tetrachloride ( Part Ill ). The 
;a 
assumption is made that in carbon tetrachloride, [HNO;] = OHNO; 
as the amount of dissolved nitric acid is small. It was further 
assumed that at these nitric acid concentrations, the nitric 
acid in the aqueous phase existed mainly as undissociated nitric 
acid molecules. Then from this activity data, the activity 
* coefficients for each 6H + 6H point could be interpolated. In 
this case the slope, p = 307 K is very close to room temperature, 
which indicates that the rate should be independent or the 
medium. The rate constant still increases with decreasing 
activation energy, as for low nitric acid concentrations, but 
this effect must be being balanced by an equivalent change in 
activation entropy. 
In conclusion, the principal reason the rate changes 
with the medium is because the nitronium ion concentration 
changes, given by a-
I 
The product or k2 and K changes little with the medium and it 
is the acidity as measured by ( Hn + log aH 0 ) which 
. 2 
essentially controls the nitronium ion concentration and hence 
the rate of nitration. This has always been assumed for the 
H2so4 - H2o system, but the assumption can now be extended to 
the three component system and even to HNO; - H20 mixtures. 
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PART II 
~FLUOROHETAXYLENE NITRATION AND AROMATIC SOLUBILITY IN THE 
THREE COMPONENT SYSTEM ( HNO;_:_R20 - H2S04~ 
. . . . 
40 
CHAPTER FIY£l 
5.1 Introduction 
Miller, Noyce and Vermeulen41 used hexafluoro-m-xylene to 
study the kinetics of heterogeneous nitration using high 
sulphuric and nitric acid concentrations. In their examin&tion 
of the two phase nitration of hexafluoro-m-xylene, they cl&imed 
that the rate was kinetically controlled and that mass tr&nsfer 
resistances played no significant p&rt. This view was subsequentl; 
challenged by Albright42 , who was critical of the experimental 
methods of the above workers and also the conclusions they drew 
from their results. Therefore, the present study was undertaken 
in order to clarify the situation. The nitration of hex&fluoro-
m-xylene was examined in the homogeneous phase using acid 
compositions similar to those used by Miller, Noyce and Vermeulen 
The activation energies were measured in solutions containing 
both high and low nitric acid concentrations, together with the 
heat of solution of hexafluoro-m-xylene in both sulphuric and 
nitric acids. 
The kinetic, activation energy and heat of solution data 
for hexafluoro-m-xylene were used to show that the origional 
claim, of kinetic control in the two phase nitration, by Miller, 
Noyce and Vermeulen, was correct. 
There is very little solubility data, for aromatics in 
nitric acid or the three component diagram in the literature 
at the present time. The solubility of hexafluoro-m-xylene, 
together with other aromatics, in nitric acid was used to 
interpret the factors determining solubility in the nitric acid, 
water system. Solubilities of aromatics in the sulphuric acid, 
water system have recently been reviewed"by Yates and XcClelland4 ~ 
This data and that for the nitric acid, water system was used 
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to predict the solubilities in the three component system. 
5.2 Theory and Literature 
The theory relevant to the kinetics and mechanism of 
nitration has already been extensively discussed in Part I. 
Hexafluoro•m-xylene was used in this study as it is extremely 
resistant to nitration44 •45, which is necessary in this part 
.of the three component diagram, to allow rates to be measured. 
This compound should only give one nitration product and also 
hexa.f'luoro-m-xylene is only slightly soluble in concentrated 
mixed acids. 
Solubility of Non-Electrolytes in Agueous Media 
~~olubility of Non-Electrolytes in H22 
The solubility of non-electrolytes in water must form 
the basis for considering the solubility of non-electrolytes 
in aqueous sulphuric and nitric acids. 
MoGowan46 formulated the equation for non-electrolytes •-
( 2.1 ) 
where CL is the solubility of the liquid in itself' and 
os is the solubility of' the liquid in water 
k is a. constant and 
[PJ is a measure of the volume of the non-electrolyte 
( the molar volume or the paraohor ) 
containing carbon, hydrogen 
later rewritt.en by Deno and 
where 01 : CL and 02 = 08 
The Hole Theory 
and halogens. 
Berkheimer47 
= ll:m p 
This equation was 
as, 
( 2.2 ) 
Langmuir46 suggested that a major !actor in solubility 
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relationships was the energy needed to make a hole in the 
solvent, in which to put the solute molecule. This idea was 
used by Lange and Watzel49 in 1938 and by Eley5° in 1939 for 
the solubility of inert gases in water. They split the energy 
and entropy into two parte, the formation of cavities and the 
introduction of the gas molecule into them. 
KcGowan applied this argument to the interaction of two 
liquid phases. Essentially he argues that 1-
(lF : (lH - T(lS = 0 ( 2.3 ) 
when the two phases, pure solvent and water are in equilibrium. 
The entropy term, llS, can be considered as a volume or dilution 
entropy. Saturated solutions of non-electrolytes in water 
are very dilute and it can be assumed that there is a large 
increase in the entropy due to dilution &lone, when one mole 
of hydrocarbon dissolves in water to form a saturated solution. 
This type of volume entropy can be calculated from, 
b.Sv = R ln c 
s 
(= R ln :pure aromatic \ 
\ solute in water} 
( 2.4 ) 
where C = concentration of non-electrolyte in pure liquid 
S = solubility of solute in water 
f = activity coefficient. 
The b.H term is the heat of solution when one mole of 
solute molecules are taken from a surrounding of other solute 
molecules, to a surrounding of water molecules. This amounts 
to the work which must be done against the cohesive forces of 
each solvent, plus the difference in the bonding energies 
between the solvent and solute in each case~ Providing there is 
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no bonding, the solvent-solute bonding energies can be ignored 
as they are of similar magnitude. This leaves the work term 
which is the difference in energy required to make a hole the 
same size in the two phases, The energy needed can be. measured 
by the molar volume, Vm, or parachor, P 1 of the solvent and 
as the cohesive forces in water are considered to be very much 
stronger than in non-eleotrolytes 1 so, 
,6H = k P ( 2 • 5 ) 
Where k is proportional to the difference in the internal 
pressures of the two phases. Hence, 
RT ln C 
s 
= k p 
which is KcGowan•s equation. 
Criticisms of the Hole Theory 
( 2.6 ) 
The theoretical basis or the hole theory as used by 
KcGowan has been criticised by Bohon and Claussen51 and by 
!rnett52• Bohon and Claussen found experimently that the overall 
entropy change was much less than the large positive value 
expected from equation ( 2~4 ) and that the solubility of 
aromatic hydrocarbons in water, had a minimum at 18°C, where 
the heat or solution was zero. This effect has also been round 
by other workers for aliphatic hydrocarbons53 and chloroethanes54, 
They rationalised these findings by suggesting that although 
there is a large·entropy of solution; there is also a deorease 
in entropy due to some structuring of water molecules around 
the solute, 
Arnett and MoKelvey pointed out that the interal pressure 
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=. -T~ p ( 2.7 ) 
where~= the coefficient of thermal expansion 
and {3 = oompressibility. 
Since water has a minimum density at 4°C, ~is zero at 
this temperature and negative below it. Therefore, the internal 
pressure of water is zero at 4°C and negative between 0 and 4°0. 
Hence, they- concluded that the common notion that water has a 
high internal pressure is erroneous. :The common approach 
considering solution in water as the work that must be done . 
against the cohesive forces in the solvent in order to create 
' 0 
cavities which will aocomm&date the solute molecules, is clearly 
inappli?able to aqueous solutions, though often very successful 
for other liquids. 
Modif!£a.tion ·or the ITole Theory 
Bohon and Claussen5l suggested, as an explanation of 
their. solubility data, that in the vicinity of a diss~lved 
non-electrolyte molecule, the water molecules would lose some 
of their disorder, so becoming more 1 ice like'• This loss of 
disorder would mean a. decrease in entropy of the system, t:. SF, 
called the entropy of freezing by Bohon and Claussen. Then the 
observed entropy would ·be a sum of ·these entropies. 
( 2.8 ) 
If the entropy of solution, the solubility and the molar 
volume are known, then the entropy of freezing can be calculated. 
t:.Sv is more or less constant over a temperature range for 
liquids. 
Then if the ASp is divided by the change in entropy in 
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forming common ice, the number of water molecules 'frozen' 
around one hydrocarbon molecule can be found. This was found 
to be between l and 4 and so a small change in the structure 
of the solution would account for the rapidly changing heat 
of solution with temperature·~ 
Two mechanisms are suggested for this change in heat of 
solution. As stated before, one being a positive effect and the 
other a negative. Positive is the energy needed to form a 
cavity in the solvent and negative is the energy gained in the 
formation of a more ordered structure or a complex formation 
of the type involving the labile ~ electrons of the aromatic 
nucleus. The 'ice like' structure is similar to the formation 
of a clathrate. The bonding possibilities may be a. complex 
between hydrogen ions and the ring compound. This would have 
the ~ electrons as the base and the water as the acid. In water 
the negative contribution is probably due to the clathrate 
formation as zero heats of solution also occur with aliphatic 
hydrocarbons and chloroethanes, where there are no~ electrons 
to form complexes with. 
5.4 Solubility of Non-Electrolytes in Dilute Electrolytic 
Solutions 
The Setschenow Equation 
This equation is used to correlate solubility behaviour, 
of non-electrolytes, in electrolytic solutions and has the 
following form, 
( 2.9 ) 
where Si0 is the solubility of the non-electrolyte in water 
( mol dm-~ ) .... 
Si is the solubility of the non-electrolyte in the 
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electrolytic solution {mol dm-3 ). 
K is the empirical Setschenow parameter, which is equal, 
at small Si { dm3 mol-l ), to k8 , the ion- non-electrolyte 
interaction parameter, 
and c5 is the molar concentration or electrolyte ( mol dm-3 ). 
When ks is positive, salting out will ocour as the 
solubility in the electrolyte is less than it is in water. 
Conversely when ks is negative salting in occurs and the 
solubility increases. 
This can be illustrated by some ks values for benzene55, 
in various solutions, shown in Table X, i.e. for all but the 
Table X 
Salt ks { dm3 mol-l ) 
na2so4 o. 548 
l!aCl 0.198 
Nano 3 0.119 
HCl 0.048 
NaClo4 0.106 
HClo4 -0.041 
bottom value in the table, salting out occurs. The values 
in this table can be used to predict what ks would be for 
sulphuric and nitric acids, if it is assumed that ks values 
are additive. Then for sulphuric acid, 
ks { NaCl ) - ks ( Na2so4 ) :: kg {HCl ) - ks ( JI2so4 ) 
( 2.10 ) 
.... 
( 2.12 ) 
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This predicts that sulphuric acid should salt out. The validity 
of this additivity assumption oan be checked by comparing, 
ks ( NaCl ) - ks ( HCl ) = 0.196 - 0.046 = 0.150 ( 2.1; ) 
With kg ( NaClo4 ) - kg ( HCl04 ) = 0.106 - (-0.041.) 
= o.147 ( 2.14 ) . 
Substitution or H for Na reduces ks by 0.150 in one oase and 
by 0.147 in the other, which is in excellent agreement within 
experimental error. Hence, lt5 ( n2so4 ) should be either 0.150 
or 0.147 below k5 ( Na2so4 ) which leads to, 
( 2.15 ) 
Similarly for nitric aoid, 
ks ( NaCl ) • kg ( NaND; ) = ks ( HCl ) - ks ( HNO; ) ( 2.16 
0.196 - 0.119 = o.o46 - k5 ( HNO; ) ( 2.17 
therefore k5 ( liNO; ) = -o.o;l ( 2.16 
This predicts that benzene would salt in with nitric aoid. 
These predicted trends for sulphuric and nitric acids 
are confirmed by Cerfontain 1 s5 6 data on the solubility of 
benzene in n
2
so
4 
solutions and by Ismail and Hanson's57 data 
on the solubility of benzene in HNO; solutions. 
Explanation of the Setschenow Equation 
The rational activity coefficient or a non-electrolyte 
in aqueous solution is conventionally defined by the relation-
ship a-
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) 
) 
) 
* where fti = lim ( )li - RT ln xi ) ( 2.20 ) 
X 40 
.f\i = the chemical potential of non-electrolyte i 
JJ.i* =the chemical potential of non-electrolyte species i 
in the standard state. 
/)i =the rational activity coefficient of i in salt solution 
xi =the mole fraction of non-electrolyte i 
For the transfer of non-electrolyte from a solution in 
pure water to one in which there is added salt, the non-ideal 
free energy change per mole will be, 
~F = RT ln ( ~i~~~ ) ( 2. 21 ) 
where ~~ = the rational activity coefficient of i in salt free 
solution. The difference between ~i and fi, the molar activity 
coefficient is small and it is much more convenient to consider 
fi instead of l!'i, even though they do differ, even at infinite 
dilution. 
For low concentrations of electrolyte and solute, then, 
(. 2.22 ) 
where c5 = the molar concentration of electrolyte 
ki = the non-electrolyte self ionisation parameter, and 
Ci = the molar concentration of non-electrolyte i in the 
salt solution 
This equation assumes no chemical interaction with the 
solute species. k5 is the parameter for ion - non-electrolyte 
interaction and ki can be ignored if the concentration of non-
electrolyte is very low, which is normally the case for the 
solubility in acid solutions. Since the.ohemioal potential of 
a species is the same in all solutions in equilibrium with the 
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pure substance, the activity of the species, i.e. the non-
electrolyte, is constant. 
:: ( 2. 2} ) 
where Si is the solubility of non-electrolyte in the salt 
solution ( mol dm-; ) and S~ the solubility of the non-electrolyte 
in pure water ( mol dm-; ). Then, 
( 2.24 ) 
0 0 0 
which since log fi :: ki Si gives, 
0 If the concentrations Siand Si are small, as in this case, 
then the last term can be neglected, giving, 
( 2.26 ) 
0 
where fi is the molar activity coefficient of i in salt free 
solution. Equation ( 2.26 ) is of the same form as the Setschenow 
equation, 
( 2.27 ) 
where K is the empirical Setschenow parameter which will be 
equal to ks at small si. 
Non-polar Non-electrolytes 
The salt effect on these should be the simplest to 
interpret, since it is assumed that the solute merely occupies 
volume and modifies the ion- solvent interactions. Plots of 
log fi versus Cs for non-polar species give straight lines. 
Strong acids eg. H2so4 , HNo3 , HCl and HClo4 have small 
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Setschenow parameters, but for each non-electrolyte, the 
variation in ks follows approximately, the same series between 
ions. k5 for H2so4 always appears to be much more positive 
than for HNo3• For non-polar non-electrolytes the salting out 
contribution is approximately proportional to the volume of 
the non-electrolyte. The order of salting out with different 
salts, being the same for quite different non-electrolytes, 
suggests that they follow from the properties of the electrolyte 
solution 'rather than electrolyte - solute interactions. 
58 59 The Debye and Kirkwood theories apply for salting 
out due to simple salts, eg. BaCl, but do not explain the 
small salting out due to strong acids or the negative salting 
out of salts with large ions. However, strong acids have 
peculiar properties in aqueous solution, eg, proton transfer, 
which can explain these small salting out effects. 
Polar Non-electrolytes 
For these an increase in salting out proportional to the 
volume of the solute would be expected, but an increasing 
salting in With increasing dipole moment of the molecule. The 
latter is directly predicted by the Kirkwood and Debye theories, 
since the dielectric decrement of a molecule decreases with 
increasing dipole moment. However, the prediction is only 
accurate if electrostatic forces between ions and. solvent are 
the only important ones. The salt order is still, approximately, 
the same as for non-polar non-electrolytes. With polar non-
electrolytes the effects become complex as the dipoles can 
cancel out over a molecule as a whole, whereas the individual 
dipoles due to each substituent are still present. 
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5.5 Solubility of Non-electrolytes in Sulphuric Acid Solutions 
Experimental Findings 
56 Cerfontain measured the solubility of a number of 
aromatics in various concentrations of sulphuric acid. All of 
the aromatics studied were non-polar or only slightly polar. 
All suffered a decrease in solubility as the sulphuric acid 
concentration increased to about 10 mole ~· This is due to a 
salting out effect discussed earlier. This was followed by a 
region of almost constant solubility rangimg from 10 - 40 
mole ~ sulphuric acid for benzene. This flat portion decreased 
as the polarity of the solute increased. Then after this flat 
portion, the solubility increased once more, a little for 
benzene, but increasingly so as the polarity increased and to 
the point of near total miscibility for oxygen containing 
aromatics. 
Explanation of Solubility Behaviour 
Cerfontain attempted to explain this solubility behaviour 
in terms of the variation of internal pressure with acid 
composition and went on to compare his compounds to benzene, 
which has no dipole moment. However, as shown by Yates and 
43 YcClelland , while the internal pressure rises sharply to a 
maximum at 85 wt ~ n2so4 , the solubility of benzene ( and other 
aromatics ) while falling initially; starts rising again, well 
before the 85 wt ~ n2so4 composition is reached. 
They conclude that the activity coefficient ( solubility ) 
behaviour of organic molecules cannot be explained satisfactorily 
on the basis of any one theory or combination of simple theories. 
A few qualitative suggestions can be made. The activity 
.... 
coefficient behaviour of neutral solutes in sulphuric acid 
solutions seems to depend on ~ combination of the internal 
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pressure - volume effect and hydrogen bonding interactions. 
The former tends to salt out all solutes as the acidity is 
increased ( up to 85 wt~ n2so4 ) and is probably responsible 
for the initial salting out region observed with most non-
electrolytes. 
Solutes which can act as hydrogen bond acceptors Yill 
salt in as the acidity is increased, giving rise to the observed 
6o 
Hammett - Chapman or nitro - group effect. 
Species Present in Sulphuric Acid 
The ions present in sulphuric acid solutions have been 
61-75 
extensively studied • In Fig. VII, showing the concentrations 
of the various species present in aqueous sulphuric acid, it 
can be seen that the sulphuric acid is wholly dissociated up 
to almost 50 mole %• The concentrations were determined using 
Raman Spectroscopy and the concentrations present at 25°C are 
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given in Table XI • 
Concentration 
( mol dm-3 ) 
18.62 
18.11 
16.24 
15.18 
13.94 
10.85 
7.82 
5.99 
3.97 
2.95 
1.47 
0.98 
0.492 
0.332 
0.204 
0.101 
0.050 
o.o 
o.o 
o.o 
o.o 
o.3 
1.1 
1.8 
1.8 
1.3 
0.97 
0.44 
0.22 
0.145 
0.089 
0.056 
0.032 
o.o17 
62 
Table XI 
HS0 4 H2so4 
( mol dm-3 ) ( mol dm-3 ) 
4 15 
10 6 
12 2.8 
13.6 
9.7 
6.0 
4.2 
2.7 
1.98 
1.03 
0.71 
0.35 
0.24 
o.15 
0.069 
0.033 
For the dissociation of sulphuric acid, there are two equilibria 
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+ 
-H20 + H2so4 H,o + HS04 ( 2.26 ) 
-
+ 2-H2o + HS04 H,o 
.. so4 ( 2.29 ) 
As can be seen from Fig VII, the first reaction is the major 
one, so that the main species in solution are H:?O+ and Hso4-
and over most of the concentration range, sulphuric acid 
behaves as a l1l electrolyte. The hydronium ions form various 
hydrates according to the amount of water present ranging from 
H:?O+( H2o ):? at low acid concentrations through H 3o~( H2o) and 
+ + H3o to H3o ( H2so4 ) at high acid concentrations. 
As the concentration of H3o+ and H2so4 increases, so the 
hydrogen bonding ability of the acid will increase. This 
explains the increase in solubility of non-electrolytes after 
the initial decrease which is mainly due to the increase in 
the number of ions in solution. At very high acid concentrations 
protonation could even take place where proton acceptor 
molecules are available and so giving rise to the Hammett -
Chapman effect already mentioned. 
5.6 Solubility of Non-electrolytes in Nitric Acid Solutions 
Solubility Behaviour 
Solubility data for non-electrolytes is relatively sparse. 
However, 
nitrated 
there are solubilities available for some heavily 
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aromatics ·' up to 13.5 mole rf,, and for benzene and 
57 toluene up to 11.7 mole~. These indicate that there is an 
initial salting in effect which is followed by a levelling 
off. An indication of the internal pressure of nitric •oid 
.... 
would be obtained by looking at the solubility of an inert gas. 
77 Rorrison and Johnstone measured ks in nitrio aoid 1 up to lR 1 
55 
for helium and krypton. k5 for helium was -0,013 and that for 
3 -1 0 krypton was -0.003 dm mol at 25 c. Both these gases salt in, 
which is in marked contrast to•what happens with sulphuric 
'· 
acid showing a difference in the internal structure of nitric 
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acid, Yore recently the solubility of oxygen in aqueous 
. \ 
nitric acid has been studied at high pressure. The oxygen 
solubility in 30 - 70 wt ~ HNo 3 is directly proportional to 
pressure in the range 11 - 51 atmospheres and the solubility is 
given by the equation, 
V = ( 0,0135 + 1.43 X 10-4 C ) P 
where V = the solubility in dm3 o2 dm-3 solution, 
C = the wt ~ HN03 and 
P = the pressure in atmospheres. 
( 2.30 ) 
If the pressure is kept constant then the change in solubility 
is very small over this range composition, which is in very 
good agreement with the levelling off behaviour found by 
Hanson and Ismail for benzene and toluene at atmospheric 
pressure. 
Species Present in Nitric Acid 
The most accurate method of determining the species 
present in nitric acid solutions is by Raman Spectroscopy. The 
early work in this field is summarised by Young, Varanville 
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and Soith • The most thorough investigations were carried out 
by Chedin79, Redlich and Nielsen80 and Gillespie, Hughes and 
68 Ingold .Only at very low concentrations is nitric acid fully 
+ dissociated into H;O and No3- and by about 50 mole f., the 
acid is not dissociated at all to any great extent. At very 
high concentrations, above 24.3V, the acid self ionises to form 
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+ N02 and No;- by the following reaction 
H 0 No ... 2 + 2 + ( 2.;1 ) 
This reaction takes place only when the activity of the water 
is extremely small. The activity of the water may be reduced 
by the formation of a hydrate, eg. 
( 2.32 ) 
Since neither of the reactions can procede to an appreciable 
extent unless the other also occurs, a single equation for 
the 'coupled reactions' is a more realistic representation. 
+ + ( 2.;; ) 
Then if the state proposed by Gillespie and coworkers and by 
Chedin is correct, a hemihydrate is formed and the resulting 
equation is s-
4 HNO 
3 
+ 
The structure of the monohydrate species is presumably a 
hydrogen bonded complex, given below, 
H, 
0--·--H- 0-NOz 
w' 
( 2.}4 ) 
More recently, the degree ot dissociation of aqueous 
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nitric acid has been measured by Merbaeh and by Redlich and 
82 Uerbach • The values of the degree of dissociation of the 
acid from the last paper are given in Table XII. 
The effect o£ the species present in nitric acid on 
solubility behaviour of non-polar and polar electrolytes can 
be expressed as follows. Non-polar non-electrolytes would be 
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expected to follow much the same curve as the inert gases -
i.e. a salting in followed by a levelling off in solubility. 
For polar non-electrolytes a steady increase in solubility 
with acid concentration may be expected as the increase in 
undissociated HNC~, with acid concentration, will lead to 
increasing hydrogen bonding to solutes. The rate of increase 
would presumably be dependent on the polarity and hydrogen 
bonding ability of the particular molecule~ 
Table XII 
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Degree of Dissociation of Aqueous Nitric Acid 
Kole Fraction HNO~ 
0.0125 
0.0409 
0.0760 
0.1014 
0.1481 
0.19~0 
o. 2 541 
0.~966 
0.4672 
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Degree of Dissociation ( 25°C ) 
0.991 
o. 962 
0.89~ 
0.84~ 
0.706 
o. 585 
0.428 
0.14~ 
0.044 
CHAPTER SIX 
Experimental 
6,1 Rate and Activation Energy Measurements for the Nitration. 
of Hexa.fluoro-m-xylene, 
Guggenheim's method, as in Part I, was used to measure 
the pseudo first order rate constant, The acid solutions were 
made up and standardised, also as given in Part I. The 
manufacturer's hexa.fluoro-m-xylene was redistilled and a. middle 
cut taken, which was used for all subsequent work, 
Owing to the high acid concentrations used, the rate of 
nitration could not be followed in the spectrometer and the 
method given below was therefore devised, The reaction was 
carried out in a. three necked round bot'tomed flask, placed in 
a. wate~ bath at the required temperature, A reaction mixture 
volume of lOO cm3 was used for each run, At each time of 
desired absorbance measurement a. sample ( 5 cm; ) of the 
reaction mixture was removed and quenched in ice cold distilled 
water ( 15 cm3 ), Then every sample was extracted with two 
aliquots ( 5 cm; ) of hexane ( Spectrograde ) and these two 
aliquots were then washed in distilled water ( 25 cm; ) , The 
absorbance of these samples was then measured at 285 nm with · 
a reference of hexane, 285 nm was the wavelength of greatest 
difference between the hexafluoro-m-xylene and nitrated 
hexafluoro•m•xylene spectra. 
The activation energy was measured for two mixtures, 
1, 46.8 mole ~ n2so4 , ;;,2 mole ~ nno3, 20,0 mole % n2o 
2, 85,1 mole % B2so4, 4.9 mole % HNO;, 10,0 mole % n2o 
For the first mixture the rates were measured by the above 
method, but with the lower nitric acid oonoentrationl!, as in 
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the second mixture, the rate was £ollowed in the speotrometer 
at 340 nm as in Part I. In all runs the initial hexa£luoro-m-
xylene concentration was 6 x lo-3M. The rates o£ nitration 
d t 5°c i t 1 t t • 25°C were measure a n erva s over a ampere. ure range o. 
tor eaoh mixture and the activation energy was calculated £rom 
the Arrhenius plot o£ log k1 versus 1/T. 
' 6, 2 Solubili t;r and Heat o£ Solution De terminations 
The solubility o£ hexatluoro-m-xylene in aoid solutions 
was measured in the following manner, lOO cm; o£ the acid 
solution was stirred £or 30 minutes With an excess of hexa£luoro-
m-xylene, in a £lask placed in a water bath, kept at the 
0 required temperature to ± 0,1 C. Attar stirring, the two phases 
were allowed to separate £or several hours. Then a known sample 
o£ the acid phase was·removed and extracted with hexane ( Spectro-
grade ) , The absorbance o£. this solution was then measured 
a.t 265 nm using hexane as a re£erence, Previously, the 
extinction ooe££ioient at this wavelength had been round by 
recording the absorbanoes o£ a number o£ standard sol:utions 
o£ hexa£luc~o-m-xylene made up in hexane, The calibration 
graph o£ absorbance versus concentration £or these solutions 
wa.s a. straight line passing through the origin, showing that 
the Beer-Lambert law was obeyed over this concentration range, 
The extinotion.coe££icient a.t this wavelength was given £rom 
the slope o£ the calibration ~lot, 
The heat o£ solution wa.s round by measuring the solubility 
1 o£ hexa£luoro-m-xylene, at a series o£ di££erent temperatures 
and. then plotting log (solubility) versus 1/T, The heat o£ 
solution wa.s then obtained £rom the slope, 
Solubilities o£ hexa.£luoro-m-xylene were measured in 
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varying concentrations o£ sulphuric and nitric acids and at 
~wo points on the three component diagram. These two points 
ware at the compositions, 
1. 15 mole 'fo H2so4 , 15 mole 'fo HNO}' 70 mole 
" 
H2o and 
2. 30 mole 'fo H2so4, 20 mole % HNO}, 50 mole 'fo H2o. 
The heat o£ solution o£ hexafluoro-m-xylene was found in 30 
mole 'fo sulphuric acid and 40 mole 'fo nitric acid. 
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CHAPTER SEVEN 
Results 
7.1 Rate and Activation Energy Data for Hexafluoro-m-xylene 
Values of the pseudo first order rate constant k1 = k2[HNo3) 
for the mixtures 1. and 2., at various temperatures are given 
in Tables XIII A and XIII B. 
1. 46.6 mole - n2so4 , 33.2 mole - HH0 3 , 20.0 mole - H2o 
Table XIII A 
kl X 104 ( s -1 ) log k1 T ( K ) 1/T x 103 
3.7 -3.4316 293 3.4310 
6.3 -3.2007 296 3. 3 557 
9.9 -3.0044 303 3.3003 
17.3 -2.7620 306 3.2466 
27.7 -2.5575 :n3 :;.1949 
( K-1 
From the slope of the log k1 versus 
energy for this miture =16.4 :!:0.2 
1/T plot, the activation 
-1 kcal mol • 
2. 65.1 mole~ H2so4 , 4.9 mole~ HNo3 , 10.0 mole~ H2o 
Table XIII B 
4 ( S 
-1 ) kl X 10 log k 1 T ( ) 1/T x 10
3 K 
3.6 -3.4437 296 3.3557 
5.5 -3.2596 303 3.3003 
5.35 -3.2716 
14.5 -2.8386 306 3.2466 
11.5 -2.9393 
23.0 -2.6383 313 3.1949 
20.4 -2.6904 
39.0 -2.4069 316 3.1447 
39.0 -2.4069 
62.0 -2.2076 323 ;.o96o 
( -1 K 
From the slope of the log k1 versus 1/T plot, the activation 
-1 
energy for this mixture = 23.0 :!: 0,5 kcal mol • 
Solubility and Heat of Solution Data 
From the slope of the calibration plot for hexafluoro-
-1 
m-xylene, the extinction coefficient, e, at 265 nm = 246 mol 
3 -1 dm cm • 
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) 
) 
The solubility o£ hexa£luoro-m-xylene, at 25°C, in 
various compositions o£ sulphuric and nitrio acids is given in 
Tables XIV A and XIV B. 
Table XIV A 
Mole % H2so4 Solubility x 104 ( mol dm-3 ) log ( Solubility 
0 1.91 -3~7190 
20 1.18 -3.9285 
30 5.9 -3.2296 
50 14.7 -2.s3l6 
60 ~ re£.41 ~ 51 -2.2924 so re£.41 170 -1.7700 lOO re£.41 390 -1.4090 
Table XIV...J! 
Mole % HN03 Solubility x 104 ( mol dm-3 ) log ( Solubility 
0 1.91 -3.7190 
10 6.6 -3.180:5 
20 16.5 -2.7824 
30 57 .s -2.2383 
40 166 -1.7795 
70 ( re£.41 ) 350 -1.4565 
) 
) 
Table XV gives the solubility o£ paradichlorobenzene in 
various nitrio aoid compositions. This data is plotted together 
I 
with that for hexa£luoroMm-xylene on Fig IX. 
Table XV 
Mole % HNo3 Solubility x 103 ( mol dm- 3 ) log ( Solubility ) 
0 0.79 -3.1024 
5 1.os -2.9666 
10 1.41 -2.8508 
20 2.24 -2.6498 
30 3.17 -2.4989 
A plot o£ log S versus mole % sulphuric aoid £or hexa-
tluoroMm-xylene is shown in Fig VIII. 
The solubility o£ hexa.£luoro-m-xylene in mixture 3. 1 
15 mole % H2so4 , 15 mole % HNO;, 70 mole·% H20 was found to be 
1.17 x lo-3 mol dm - 3 and the solubility i~ mixture 4.· , ;o mole % 
Pig. VIII 
Log S versus mole % H2so 4 for Hexafluoro-m-xrlene 
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The heat of solution of hexafluoro-m-xylene in 
-1 
30 mole '{o 
H2so 4 
was 3,8 ~ 
-1 
0,2 kcal mol , in 83,5 mole 'fo H2so4 was N -12 
kcal mol and in 40 mole % Hno
3 
was found to be 4.0 ~ 0,2 
-1 kcal mol • The data from which these heats of solution were 
calculated is shown in Table XVI. 
Table XVI 
Hexafluoro-m-xylene Solubility ( mol dm- 3 ) 
Temp ( oc ) 30 mole '{. H2so4 83.5 mole 'fo H2so4 40 mole 
" -15 4,7 X 10 20 
X 10-4 
0.0176 
25 5.9 0.0160 0.0166 
10-4 0.0130 30 6,5 X 0.0154 
lo-4 
0,0140 
35 7o) X 0.0123 0.0199 
10-4 
0.0118 
40 8,o x 0,0094 
0.0079 
45 0.0050 0,0251 
0,0059 
55 0.0305 
1.2 Density and Surface Tension of Hexafluoro-m-xylene 
HNO) 
For the purpose of determining the parachor of hexafluoro-
m-xylene, the density and surface tension, of the liquid at 
25°C, were measured using the density bottle and Du Nuoy ring 
methods respectively, 
Density at 25°C = 1,3891 g cm- 3 
0 -1 Surface Tension at 25 C = 22,9 dyne cm 
7.3 Determination of k 8 for Various Non-electrolytes in Nitric 
Acid 
The salting out parameter, kS' for non-electrolytes in 
nitric acid, was determined !or the aromatics toluene, hexa-
fluoro-m-xylene, chlorobenzene, p-dichlorobenzene and nitro-
benzene, The salting out parameter was calculated using equation 
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( 2.13 ). 
= 
0 The solubilities o£ the non-electrolytes in water ( Si ) and 
in 0.7711 nitric acid ( Si ) were calculated as described in 
the experimental £or hexa£luoro-m-xylene. The extinction 
coefficient for eaoh aromatic was round at 265 nm except with 
nitrobenzene where 310 nm was used. 
The extinction coefficients, solubilities in water and 
nitric aoid and the resulting k values are given in Table XVII 
s 
below. 
Table XVII 
Aromatic .. Sol.x 103 H2o Sol.x 103 HNo 3 ks 
( y-1 -1 ( Jl ) ( ) ( -1 ) cm Jl 11 
HP-m-X 246 0.2 0.24 -0.098 
Toluene 165 5.7 6.2 -0.046 
Chlorobenzene 213 4.1 4.7 -0.079 
p-dCB 255 0.79 0.84 -0.033 
Nitrobenzene 180 14.8 18.3 -0.123 
HP-m-X - Hexa!luoro-m-xylene 
p-dCB - p-diohlorobenzene 
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CHAPTER EIG!li: 
Discussion 
8,1 Nitration of Hexafluoro-m-xylene 
The first interesting feature of the results is that the 
activation energy of nitration is higher for 85,1 mole % 
sulphuric acid solution than for 46,8 mole % solution, It has 
2 been observed previously 1 that the rate of nitration, generally 
ceases to increase very dramatically above 90 wt ~ sulphuric 
acid and, in some cases, even shows a decreasef at very high 
sulphuric acid compositions, This is thought to be due, at 
these high acidities, to hydrogen ions becoming associated with 
the aromatic ring. This would have the effect of decreasing the 
negativity of the ring, thus making attack by the electrophile, 
.. N02 , more difficult. Therefore, the activation energy would 
be expected to increase, which was found at the higher 
sulphuric acid concentration ( 96,9 wt% ). 
Mixture 1. in the present homogeneous study has the same 
41 
composition as that used by Miller, Noyce and Vermeulen in 
their runs 12 1 13 and 14 of their heterogeneous nitration work. 
-1 From their results an activation energy of 19,3 kcal mol is 
found for the two phase system, The activation energy of 
nitration in the present study was measured as 18,4 ~ 0,2 kcal 
-1 
mol , This implies that the heat of solution of hexafluoro-m-
xylene in the acid mixture should be in the region of 1,0 kcal 
-1 ~ mol , The heat of solution of hexafluoro-m-xylene in ;o mole 
sulphuric acid is ;.a kcal mol -1 and at the higher sulphuric 
acid composition, used in this case, the heat of solution would 
be expected to be smaller due to a greater interaction between 
the acid mixture solvent and the aromatic solute, At 83.5 mole % 
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sulphuric acid a heat of solution of -12 kcal mol-l was measured 
indicating extensive interaction, thus making the prediction 
-1 
of a heat of solution of 1 kcal mol for mixture 1., very 
feasible. 
The rate constant of nitration for the present study was 
compared with that found by Killer, Noyce and Vermeulen for 
their two phase work. From their runs 12, 1} and 14, the 
average rate constant for nitration at 50°C is 0.751 mol dm~} hr-~ 
When converted to the homogeneous rate constant, assuming 
kinetic control, a value of 1,0] : 0.06 x lo- 3 mol dm-3 s- 1 is 
obtained for the second order rate constant. A detailed 
description of this conversion is given in Appendix V. For the 
0 present study at 50 c, the second order rate constant is 0.84 ~ 
0.02 x 10-3 mol dm- 3 s- 1• This was calculated from the second 
0 
order rate constant at 40 C using the equation, 
= 
-E ( 2.}5 ) 
where k2 (1) and k2 (2) are the second order rate constants 
at the temperatures T1 and T2 respectively, and E = 18.4 kcal 
-1 mol , is the expreimentally determined activation energy of 
nitration. It can be seen that there is good agreement between 
the two studies, indicating that the system used by Miller, 
Noyce and Vermeulen was kinetically controlled. 
8,2 Solubility of Hexafluoro-m-xylene in Water 
The measured solubility and parachor were used in order 
to ascertain whether hexafluoro-m-xylene fitted with JlcGowan•s 
correlation. The parachor was both measured experimentally and 
calculated from theoretical values. 
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The parachor, p =( }.{ i/4\ 
\f_-d7 
( 2.;6 ) 
where M is the molecular weight { 214 ), ~the surface tension 
( 2 -1 2 0 2.9 dyne cm at 5 C ), D the density o£ the liquid 
( 1.3891 g cm-; at 25°C ) and d the density o£ the vapour. 
From the measured values, the 
be 
parachcr was calculated toA;;6.5. 
Parachors can be calculated theoretically for molecules 
by summation o£ the parachors of the constituent atoms of the 
molecules. These calculations also have terms for double, triple 
bonds and a term due to the presence o£ an aromatic ring. 
a; Experimentally, Quale found that the substitution o£ three 
hydrogen atoms by three fluorine atoms, in a methyl group, 
increased the parachor by 24.2 units. This knowledge together 
with the experimental parachor o£ 284.2 for metaxylene was 
used to calculate a parachor of ;;2.6 for hexa£luoro-m-xylene. 
The theoretical and experimental values are seen to be in 
excellent agreement. Using the modified McGowan 1 s equation 
( 2.2 ) , the constant km, for hexa£luoro-m-xylene was. found to 
be 0.0138 { using the theoretical parachor of ;;2.6 ). This 
again is in excellent agreement with other halogenated aromatics, 
the km values of which are given in Table XVIII. 
Table XVIII 
Compound 
Fluorobenzene 
Chlorobenzene 
Bromo benzene 
Iodobenzene 
1,2 Dichlorobenzene 
1,; Dichlorobenzene 
Hexafluoro-m-xylene 
70 
km 
0,0134 
0.0139 
0,0141 
0,0141 
0.0140 
0.0140 
o.o1;a 
8,3 Solubilities in Sulphuric Acid 
The plot of log S versus mole % sulphuric acid for 
hexafluoro-m-xylene ( Fig VIII ) shows an initial decrease 
followed by an increase as is observed with other aromatics, 
Appen~ix III and Fig XI show the variation of log fi with mole %· 
sulphuric acid for the four aromatics increasing in polarity 
from zero with benzene84 , then through chlorobenzene 84 and 
hexafluoro-m-xylene to nitrobenzene84 , The log fi is that 
given by equation ( 2,27) and so is equal to log ( S~/Si ), 
assuming that the activity of the non-electrolyte in water is 
equal to unity, Deno and Perizzolo plotted the activity 
coefficient as the inverse of the solubility, which is quite 
valid, but the above method is better, as it brings them all 
to the same reference, making a comparison between aromatics 
more meaningful, 
Chlorobenzene 
The values for chlorobenzene in Appendix III are taken 
from the paper by Deno and Perizzolo84 , They only quoted 
absorbances, but the solubility has also been measured by Cox; 
at 70 wt% sulphuric acid, Therefore, by comparing the absorb-
ances of Deno at 70 wt % sulphuric acid with the solubility of 
Cox at the same strength, the extinction coefficient for Deno 
and Perizzolo's data at 263,5 nm was calculated, This was found 
to be 235, which is in good agreement with that found by Cox 
of 255 at 265 nm. This enabled the activity coefficient of 
chlorobenzene to be calculated for varying concentrations of 
sulphuric acid, Deno reported that the change in extinction 
coefficient over the range of sulphuric acid concentration was 
less than 5 ~. which validates the use of this data. 
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Explanation of Solubility Behaviour 
Dilute Solutions 
It can be seen from Fig XI that the activity coefficient 
of all four aromatics increases at first due to salting out 
effects. This would be expected in dilute solutions as the 
internal pressure of the solvent is increasing as the number 
of ions in solution increases. However, even at low sulphuric 
concentrations, deviations from expected behaviour are observed, 
even for non-polar molecules such as benzene. All these aromatics 
start to salt in With respect to the internal pressure curve 
at concentrations as low as 10 mole %, Which is contrary to 
inert molecules like oxygen, Which do follow the internal 
pressure curve very well. 
Concentrated Solutions 
Fig XI shows the subsequent salting in effect of the 
four aromatics considered, as seen by a decreasing of the 
activity coefficient with increasing acid concentration. The 
salting in effect begins at low acid concentrations, and is 
much more significant as the polarity of the molecule increases, 
due to increased solute - solvent interactions. An even larger 
salting in effect is seen with nitrobenzene where hydrogen 
bonding is possible. The base properties of the nitrobenzene 
under conditions of high sulphuric acid concentration leads to 
total miscibility in 89 wt % acid. Deno and Perizzolo gave 
the structure of the resulting complex as s-
O- -HO 
11 ' c6HSN so2 \ / 
0--HO 
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This structure would seem to be a possibility as in high 
concentrations of sulphuric acid there is much undissociated 
H2so4 present. 
This is in contrast to recent Russian work85 which claims 
that nitrobenzene, in strong aqueous sulphuric acid, complexes 
with protons, one per N02 group, i.e. acting as bases. This 
complex would also lead to miscibility as the protonating form 
would stay in the aqueous phase. This type of complex was also 
met in the present investigations with hexafluoro-m-xylene, in 
96.5 wt ~ H2so4, where the extinction coefficient of the 
aromatic increased ten fold in the acid, due possibly to 
charge transfer. 
Solute - Solvent Interactions in Sulphuric Acid Solutions 
The activity coefficients for non-electrolytes in 
sulphuric acid, can be expressed as a sum of individual terms 
resulting from various types of solute - solvent interactions. 
The most simplified approaches have considered three separate 
I 
contributions to the total free energy of transfer between two 
solvents, namely those arising from pressure - volume work, 
electrostatic interactions and hydrogen bonding interactions. 
i.e. log f = log ~ + log ~ + 
The activity coefficient behaviour of neutral non-electro-
lytes in sulphuric acid solutions seems to depend on a 
combination of the internal pressure - volume effect and 
hydrogen bonding interactions ( log fy +log fH ). The former 
tends to salt out all solutes progressively as the acidity is 
increased and is probably responsible for the initial salting 
out region observed with most non-electrolytes. Solutes which 
7} 
· oan aot as hydrogen bond acceptors will salt in as the acidity 
is increased, giving rise to the observed Hammett - Chapman 
effect. 
The difficulty of the situation with respect to ions 
is accentuated by the inaccessibility of single ion activity 
coefficients. Thus a comparison of two species is always 
involved, and the medium effects on the reference ion are not 
known. An ion should show the same pressure - volume inter~otion 
as a non-electrolyte of the same size. However, what has not 
been considered is the extent of charge delocalisation or 
charge shielding, and these should both be a function of 
molecular volume. The effect of increasing molecular volume may 
not be as simple for ions as that predicted by the pressure -
volume interaction term, since the volume effect will be 
modified by the increased possibilities for charge delocalisatio~ 
or shielding. 
There is no satisfactory theory concerning ion - solvent 
interactions in acid media and so the behaviour of a certain 
molecule can only be described qualitatively and no quantitative 
calculations can be made. 
Deviations in the Hexafluoro-m-xylene Curve 
Deviations from the expected curve, in Fig. XI are seen 
for hexafluoro-m-xylene between 20 and 50 mole~ H2so4 • This 
was at first attributed to experimental error until a smaller, 
but similar deviation was found in the chlorobenzene curve in 
the same region. It would appear that the deviations follow 
from the properties of the aqueous solution, which have a 
greater effect on hexafluoro-m-xylene than on chlorobenzene, as 
the former has a larger dipole moment. Similar deviations are 
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also seen for nitrobenzene, but as this aromatic can hydrogen 
bond to the solvent, the situation is more complex, These 
deviations may be caused by the effects of the various hydrated 
hydronium ions on the non-electrolyte, 
+ With H}O ( H2o )} the positive charge is spread over a 
large number of atoms and so its effect will be smaller than 
+ in H}O (H2o), which in turn will be smaller than + H}O , The 
increased solubility of hexafluoro-m-xylene, above the expected, 
beyond 20 mole ~ sulphuric acid could be caused by the change 
over from + + H}O ( H2o )} to H}O ( H20 ) as the main hydronium ion 
species in solution. Another such rise occurs at 50 mole % 
sulphuric acid at the change 
This latter increase also coincides with the increase in the 
concentration of undissociated sulphuric acid, but chlorobenzene 
and hexafluoro-m-xylene are unlikely to complex with sulphuric 
acid in the way suggested for nitrobenzene. 
8.4 Heat of Solution of Hexafluoro-m-xylene in Agueous Sulphuric 
86 Cerfontain and Telder measured the heat of solution of 
benzene and toluene in various concentrations of sulphuric 
acid and at various temperatures, They found that the heat of 
0 
solution at 25 C increased up to 45 mole % sulphuric acid and 
then began to decrease, This also occured at }5°C, the decrease 
0 . being more significant, though at 15 C no decrease occured, 
This decrease in the heat of solution for benzene coincides with 
the increasing undissociated sulphuric acid concentration and 
with the increase in benzene solubility in sulphuric acid at 
this strength. Using the argument of Bohon and Claussen5l that 
the heat of solution depends on two factors, the energy of 
cavitation and the energy gained from a change in solvent 
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structure, the latter is beginning to become more significant 
at this point. If this argument is true, then the heat of 
solution of hexafluoro-m-xylene would be expected to be a 
maximum at around 20 mole ~ sulphuric acid. At 30 mole % 
sulphuric acid, the heat of solution at 25°C is ;.a kcal mol- 1 , 
-1 
whereas for chlorobenzene the heat of solution is 4 kcal mol • 
From Cerfontain's paper, the heat of solution of toluene, at the 
same composition acid, is larger than that for benzene. This 
is presumably due to its larger size, the difference increasing 
with decreasing temperature, probably because the energy of 
cavitation, which depends on the size of the molecule, is 
larger at lower temperatures. Therefore, it would be ·expected 
that the heat of solution of hexafluoro-m-xylene would be 
larger than for chlorobenzene at the same strength acid. The 
fact that it is lower, shows that the interaction energy is 
much larger for hexafluoro-m-xylene than for chlorobenzene. This 
high interaction energy is well justified as at 83.5 mole~ 
-1 
sulphuric acid the heat of solution is -12 kcal mol • 
8.5 Solubilities in Nitric Acid 
Dilute Solutions 
There is little literature data for solubilities of 
non-electrolytes in nitric acid solutions. This is mainly due 
to the fact that many common non-electrolytes, especially 
aromatics, react with nitric acid, even at low acid concentrationE 
Hexafluoro-m-xylene is a good non-electrolyte in this respect 
as .it is very unreactive towards nitric acid. In Fig. IX, it 
can be seen that for hexafluoro-m-xylene and p-dichlorobenzene 
log S varies linearly with mole ~ nitric acid. 
The only other comparable data in the literature is for 
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benzene and toluene b7 Hanson and Ismail 57 , where the solubilit7 
was measured up ~o 6M nitric acid, and for some heavil7 nitrated 
aromatics7 6• The solubilities of the latter were only measured 
at three different concentrations up to 1~ mole % nitric acid. 
The solubility values for these aromatics are given ·in Appendix 
IV and the ~ata shows that as for hexafluoro-m-xylene there is no 
initial decrease in solubility as found in sulphuric acid. 
Appendix IV also contains the log fi values, where log fi = 
0 
log ( Si/Si ) and a plot of log fi versus mole ~ nitric acid 
is given in Fig. XII. The same structural order is seen as for 
the kg values in sulphuric acid, with log fi decreasing more 
rapidly as the polarity of the molecule increases and the 
number of nitro groups increases. 
87 For inert non-electrolytes, eg. hydrogen and ox7gen ,kg for 
nitric acid is slightly positive, i.e. salting out would occur, 
which would mean a decrease in solubility with increasing 
88 
nitric acid concentration. However, for nitrous oxide , which 
is very slightly polar and the inert gases helium and krypton77, 
ks is negative for nitric acid, Yhile it is still positive 
for sulphuric acid. In chapter V, ks for benzene wa~ predicts~ 
to be -0.0~ dm~ mol- 1• For polar aromatics, the ks values 
would be expected to be even more negative, as is seen in the 
experimental ks values in Table XVI. The solubility, in water, 
of the aromatics given. in Table XVI is in good agreement with 
the values determined by McGowan. These are for toluene, 
chlorobenzene, p-dichlorobenzene and nitrobenzene, 6.5 x 10-3, 
~.6 x 10-~, 7.9 x lo-4 and 1.58 x 10-~ respectively. 
!s Dependence on Polarity and the Number of Nitro Groups 
Fig. X is a plot of k5 versus the dipole moment of eaoh 
molecule. From Fig. X, the amount of salting in for unnitrated 
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aromatics is linearly dependent on the dipole moment. The case 
of nitrQbenzene is more complex as hydrogen bonding can also 
occur, which will contribute to salting in. From this plot 
Aromatic 
Hexa!luoro-m-xylene 
Toluene 
Chlorobenzene 
p-Dichlorobenzene 
Nitrobenzene 
Table XIX 
Dipole Moment ( D ) 
2.43 
0.37 
1.70 
o.o 
4.08 
ks for benzene would be expected to be the same as that !or 
p-dichlorobenzene, as benzene has no dipole moment. The value 
!or p-dichlorobenzene of -0.033 is in 
that calculated for benzene of -0.031 
excellent agreement 
3 -1 dm mol • 
With 
For heavily nitrated aromatics, ks for ortho dinitro-
benzene and 1,3,5-trinitrobenzene was calculated to be -0.281 
and -0.379 dm 3 mol-l respectively at this concentration. When 
these values are compared with ks for nitrobenzene of -0.123 
dm; mol- 1 , found on this occasion, it would appear that the 
degre~of salting in changes linearly with the number of N0 2 
groups in the molecule. 
Comparison With the Data of Hanson and Ismail 
The data of Hanson and Ismail for the solubility of 
benzene and toluene in nitric acid solutions was used to 
calculate k8 for these compounds at the same strength nitric 
acid as in the present study. The k8 values for benzene and 
toluene from this data are -0.0522 and -0.113 respectively. 
Although agreement between k 8 for toluene { -0.046 dm3 mol-l ), 
in the present study, and that by Hanson and Ismail seems 
poor, the disagreement can be accounted for by only a 10 ~ 
change in the measured toluene solubility in nitric acid at 
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this concentration. Similarly with the value for benzene from 
their data, With that predicted in this study, a change in 
measured solubility of only ; % being needed. 
The log fi versus mole %nitric acid curves for benzene 
and toluene from their data are shown in Fig. XII. These curves 
show a different trend to the other aromatics studied, with 
unexpectedly high aromatic solubility at low acid concentrations 
and a curving off at higher concentrations. The reason for 
these. differences are not really clear, though the trends 
shown by their study and the present one agree very well. 
Yore Concentrated Nitric Acid Solutions 
In Fig. IX it can be seen that for hexafluoro-m-xylene 
log S varies linearly with the mole % nitric acid, to above 
40 mole % acid and for p-dichlorcbenzene this linearity curves 
off at higher nitric acid compositions. This curving off with 
increasing nitric acid concentration was also seen for benzene 
and toluene at lower acid concentrations57• The divergence 
from linearity seems to increase with increasing reactivity 
and might be explained by the aromatics reacting with the 
nitric acid at higher acid concentrations. 
The apparent linearity of the log fi curves above low 
nitric acid concentrations is an interesting feature. The 
reasons for this are not obviously apparent, but as the trend 
is for all aromatics, the cause must be a propert'y of the 
nitric acid solutions. The concentration of undissooiated nitric 
acid present steadily increases with increasing mole % acid. 
However, its concentration or log concentration does not vary 
linearly with mole % nitric acid, but ita concentration must 
be important in aromatic solubility. A solution containing 
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nitric acid molecules Will be much more covalent than one 
containing ions and so the former will be a much better 
environment for organic molecules. This is seen by comparing 
the solubility of hexafluorowm-xylene in 30 mole % sulphuric 
and nitric acids. The solubility in the sulphuric, which is 
wholly ionic, is only one tenth that in the nitric acid solution, 
which is only about 30% ionised at this composition. At higher 
acid compositions where association is taking place in solution, 
the basicity of the aromatic becomes very important and the 
greater acidity of sulphuric acid is observed. At 70 mole % 
acid composition, the solubility of hexafluoro-m-xylene in 
sulphuric aoid is about one third that in nitric, where the 
nitric acid is totally undissociated and the sulphuric acid 
is still substantially ionic. 
Comparison with Sulphuric Aoid Solutions 
Firstly, there is no initial salting out effect seen 
With nitric acid as there is for sulphuric. However, the 
subsequent order of salting in in nitric acid is very similar 
to that seen in sulphuric. 
Secondly, at the same acid concentration, the solubilities 
of aromatics are much greater in nitric than sulphuric acids. 
The reasons for this concern the nature of the acid solutions 
and the species present at the various acid concentrations. 
Thirdly, the heats of solution of the aromatics are 
similar in both acids. For example, the heat of solution of1 
-1 hexafluoro-m-xylene in 30 mole % H2S04 is 3.8 kcal mol and in 
40 mole% HN0 3 is 4.0 kcal mol-
1
.This is not s~rising,sinoe at 
concentrations where large scale association does not occur 
between the aromatic and a species present in aqueous solution, 
83 
a similar mechanism of solution would be expected. 
8.6 Solubilities in the Three Component System 
In the present study two measurements were made in the 
three component system. The only other data to compare with 
41 these is from Vermeulen 1 who also used hexafluoro-m-xylene. 
In the system, 15 mole ~ H2S04 1 15 mole ~ HNo 3 and 70 mole ~ 
mol dm-3 and in the system H2o, the solubility 
30 mole % H2so4 , 20 
was 4.03 x lo-3 mol 
was 9.9 x lo-4 
mole ~ HN0
3 
and 50 mole ~ H2o the solubility 
-3 dm • The solubility in these systems is 
not a straightforward relationship between the values in the 
separate systems. For example, the first point lies halfWay 
between the point 70, 30, 0 ( H2o, H2so4 , HNo 3 ) and 70, 30, 0 
(H2o, HN03r H2so4 ). The average of the values at these 
points comes to 2.7 x lo- 3 mol dm-3, which is nearly three 
times larger than that actually found. Using a similar 
procedure for the second point gives a value of 5.9 x lo-3 mol 
dm-3 as compared to 4.03 x 10-3 mol dm-3. Therefore, from this 
it can be seen that the sulphuric acid, in which the solubility 
is much lower, dominates the three component system, controlling 
the solubility much more than the nitric acid. This is 
substantiated by Vermeulen 1 s data and is seen in the work of 
Hanson and Ismail on benzene and toluene solubilities. This 
is very likely as the sulphuric acid - water system is much 
more 1 rigid 1 than the nitric acid - water system. 
An Alternative Approach 
Another approach would be to say that the solubility in 
the mixture would be the sum of the solubilities in the separate 
parts, i.e. for the first point, the solubility would be that 
in l5.mole ~sulphuric acid plus that in 15 mole~ nitric acid. 
This gives a value of 9.6 x lo-4 mol dm-3 which is in good 
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agreement with the experimental value, although it gives a 
poor result for the second point of 1,9 x lo-3 mol dm-3. This 
method also gives poor agreement With the more concentrated 
acid solutions used by Vermeulen et al and so the assumption 
that the two acids are behaving separately only appears to be 
justified at low acid concentrations. 
At high sulphuric, nitric acid concentrations, as the 
sulphuric and nitric acid compositions increase , eo the 
solubility of the aromatic decreases in relation to the 
solubility in the separate systems, Eventually, at high acid 
concentrations, the solubility in the mixture falls below even 
that for sulphuric acid in the separate system, At these very 
high concentrations, the sulphuric and nitric acids will be 
reacting together to form ionic epecies89, which will tend to 
reduce the solubility, as seen in the sulphuric acid - wate~ 
system, which is the effect observed by Vermeulen et al, 
8,7 General Conclusions on Solubility 
The solubility in aqueous sulphuric acid is governed in 
the lower concentration regions by the concentration of ionio 
species in the solvent and in the upper concentration regions 
by the basicity of the solute molecule. With the lower concen-
trations, as the number of ions in solution increases so the 
solubility of the non-electrolyte decreases. With higher concen-
trations of electrolyte, increased basicity of the solute is 
accompanied by increased solute solubility. In the lower 
concentration ranges, the solubility is a function of the size 
of the molecule and so on the energy needed to make a cavity 
in the solvent. For nitric acid, the decrease in solubility 
is not observed for the compounds used and a linear relation 
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between the mole % nitric acid and the log or the solubility 
of the non-electrolyte is found. The solubilities in nitric 
acid are much higher than in the corresponding sulphuric acid 
and this must be due to the lees 'hostile' surroundings in 
the nitric acid system as confirmed by measurements in the 
three component system. Salting out and salting in effects can 
be used to describe the behaviour in very dilute solutions, 
though the concentrated solutions are much more complex and 
quantatively very difficult to handle. 
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PART III 
THE DISTRIBUTION OF NITRIC ACID BETWEEU AQUEOUS ACID MEDIA AND 
ORGANIC PHASES 
87 
CHAPTER NINE 
9,1 Introduction 
In Part II the solubility of non-electrolytes in aqueous 
acid media was considered, as in the nitration process the 
concentration of aromatic in the acid phase is needed to 
determine the rate of homogeneous and heterogeneous nitration, 
The aromatic solubility is dependent upon the aqueous phase 
composition, The nitric acid distribution between aqueous media 
and organic phases is dependent on the composition of both 
phases and the proportion of nitric acid in the organic phase 
is known to increase as the nitration reaction precedes, The 
aim of the work in this Part was to find how the nitric acid 
distribution is controlled by phase composition, Therefore, the 
distribution coefficient for nitric acid was measured between 
the three component system ( HNO) - H2so4 - H20 ) and various 
organic phases, A comparison of this system was made using 
HCl - H2so4 - H2o and the 
90-9) 
HNO) - H20 and HCl -
same aromatics, Both the systems 
94-96 
H2o , with organic phases, have 
been extensively studied, though there is some disagreement as 
to how the species are extracted into the organic phase and 
what their structure is in that phase, The comparison between 
the HCl and HNO) systems was made to try and ascertain which 
nitric acid species were present in the organic phase, Several 
different organic phases were studied in order to see whether 
the species present in the organic phase varied with the comp-
osition of that phase, 
From the distribution data for nitric acid between aqueous 
nitric acid and an inert organic phase ( carbon tetrachloride ), 
the nitric acid activity in both phases could be found, assuming 
88 
the nitric acid solubility in the organic phase was small. This 
activity relationship could then be extended to the three 
component system to compile a triangular diagram of nitric acid 
activity. It was this diagram that was used for the nitric acid 
activities at high nitric acid concentration in the kinetic 
study reported in Part I. 
, 
Throughout the first two Parts many densities were measured 
for various three component compositions and these were used 
together with densities measured in this final Part to construct 
a density contour diagram for the system H2S04 - HNO; - H20• 
Theory and Literature 
The Solubility of Water and Aqueous Acids in Organic Solvents 
9.2 Water 
The solubility of water in oreanic solvents is less 
accurately known than that for aqueous acids, owing to the 
methods available for determining water concentrations. Hogfeldt 
et al90- 92 and 94- 97 have used a modified Karl Fischer titration98 
to determine the water in organic solvents, but a more accurate 
method is the Beckman KF; Aquameter used by Johnson, Christian 
99-101 102 
and A.ffspring 1 which is a manometric technique . ~ 
Throughout this Part, the solubility o.f water and aqueous acid 
in organic phases will be split into three sections, namely, 
their solubility in non-aromatics, aromatics and nitrated 
aromatics. 
Non-Aromatics 
For the purpose of this Part the non-aromatics are carbon 
tetrachloride and iso-ootane. Christian et al measured the 
99 
water solubility in carbon tetrachloride and cyclohexane · and 
.found it to be much less than that in aromatic systems. This is 
89 
presumably due to the absence of groups or molecules on these 
solvents with which water may associate. Plots of the formal 
concentration of water in the non-aromatic versus its activity 
in the aqueous phase were found to be linear with slope equal 
to unity, indicating that no association between water molecules 
occured in the organic phase. Appendix VI gives the solubility 
of water in organic solvents at unit activity. Although the 
water solubility has been measured in numerous organic solvents 
the mechanism of water solubility is not fully understood. 
Aromatics 
In the past there has been some disagreement as to whether 
water was monomeric or polymeric in aromatic solvents. Gordon 
10~ 
et al claimed that water was largely polymeric, a view 
opposed by both Hogfeldt 90- 92 • 94 •95 •97 and Christian et al 99- 101 
for most systems. Cordon gave evidence for water being hydrogen 
bonded in benzene and toluene from specific volume, v.iscome trio 
and heat of solution experiments. However, Cordon assumed 
benzene to be an inert solvent, which was 
high solubility of water in this solvent. 
incorrect due to the 
101 Christian argued 
that water was not polymerised in benzene from data already 
104 
available on the freezing points of benzene solutions cont-
105 
aining water and infra red data , which show no evidence that 
water molecules associate in non-polar organic solvents. Plots 
of the formal concentration of water in benzene versus its 
activity in the aqueous phase were found to be linear at 25°C, 
showing no association in benzene of water molecules with 
themselves. 
The results of Cordon et al10' indicate that an association 
exists between the benzene and the water, a fact confirmed by 
90 
Hogfeldt92 by n.m.r. measurements on the system, the water 
being associated with the or electrons of the ring. In this case 
it can be shown that the water molecules lie above and below 
the plane of the ring. 
Plots of the formal concentration of water in benzene 
versus its activity in the aqueous phase were also linear for 
solutions of cac12 and sulphuric acid showing that the activity 
in the aqueous.phase,of _the extracted compound,to be the importan' 
92 factor. This point was emphasised by Hogfeldt who shows plots 
of the above, all of which are straight lines, of slope unity, 
for the systems C6H6 - H2so4 - H2o, c6H6 - HClo4 - H20 and 
c6H5No 2 - H2so4 - H2o. Thus a simple partition is valid for the 
extraction of water. The reaction can then be written 1 -
( }.1 ) 
with equilibrium constant, K, expressed as, 
( }.2 ) 
CR20J0 rg - water concentration in the organic phase ( mol dm- 3 ) 
(H20)- water activity in the aqueous phase {mol dm-3 ). 
From n.m.r. measurements made by Hogfeldt, the amount of poly-
meric water is at most }.5 ~ at unit activity. 
Nitrated Aromatics 
As with benzene, the water solubility in the organic 
phase depends on the activity of the water in the aqueous phase. 
Hogfeldt94 interpolated from his data that the species present 
were mainly monomers and dimers. From n.m.r. measurements on 
water molecules in nitrobenzene it can be seen that the water 
is not highly associated in these solvents. As compared to a 
free water molecule in the vapour phase, a water monomer in 
91 
nitrobenzene is most probably affected by hydrogen bonding to 
the nitro groups as is reflected in the high water solubility 
in nitrobenzene. It was concluded by Hogfeldt, from partition 
and n.m.r. data, that a monomer - polymer equilibrium existed, 
such that the polymer concentration was much less than the 
monomer concentration, the dimer being the most common polymeric 
species. 
. 99,100 
In contrast, Christian et al concluded that for 
water in nitrobenzene, the H2o is extracted as monomers and 
dimers to form the following complex by solute - solvent inter-
action. Also Christian claimed the water to be 20 ~ associated 
0 /0··-·H-0 // " N: H ":u----H-o...-· 
' H 
at the saturation concentration. Christian concluded that 
solvents which have two or more basic sites, probably dissolve 
water primarily as monomers and dimer units, whereas in solvents 
having only one basic site, water dissolves primarily as monomer-
trimer and monomer-tetramer units. 
9.3 Effects of Acids in the Aqueous Phase on Water and Acid 
Solubility in the Organic Phase 
It was shown by Hog£eldt91 for H2so4 and HCl04 , that 
increasing the acid concentration in the aqueous phase caused 
a decrease in the water concentration in the organic phase. This 
is consistent with the £act that the water solubility in the 
organic phase is dependent on its activity in the aqueous phase. 
The water activity will decrease as the acid concentration 
increases due to water being taken up in solution processes. 
I 
Therefore, the decrease in water solubility is predicted. 
System - Organic Solvent - HCl - H2Q 
This system has been extensively studied by Hogfeldt94 •95 , 
where the solvent is benzene, and is found to be relatively 
simple, The equations for the system are as follows 1-
( ; .; ) 
( ;.4 ) 
HCl (aq) HCl ( org) ( ;.5 ) 
At equilibrium, 
KD = oAf (A) ( ;.6 ) 
where a! and (A) are the activities of any of the compounds in 
the organic and aqueous phase respectively. Kn is the thermo-
dynamic distribution coefficient, the value of which depends 
on the choice of standard states, By introducing, 
( ;. 7 ) 
where [AJ is the concentration of A ( mol dm-; ) in the benzene 
phase and ~A the corresponding activity coefficient, gives, 
'if A = Kn (A) 
(AJ 
( ;.s ) 
(A for different compositions was found to remain constant and 
approximately equal to unity which indicates that the concentr-
1 
ation of water and hydrochloric acid in the organic phase is 
proportional to the corresponding activities96 in the aqueous 
phase, 
The Mechanism of Acid Extraction 
From n.m.r. studies on the organic phase of the above 
system by Hogfeldt, only one resonance peak was found for H20 
and HCl protons. This implies that the protons in water and HCl 
are equivalent and that no bonding between the species occurs. 
Self association of H20 and HCl in the organic phase would 
presumably cause large downfield shifts and so can hardly be 
of any importance. Strong~ electron complexes with benzene 
would give an appreciable upfield shift, which was also not 
observed. 
Accepting no acid - water complexation in the aromatic 
phase, the mechanism of extraction can be written as r-
uH-t- (aq) -r uCl- (aq) :;;:::==(HCl)u (org) ( ;. 9 ) 
Application of the law of mass action to reaction ( ;.9 ) gives, 
[(HCl)uJ = [HCl] org = ( ; .10 ) 
u 
Taking logs, 
log (HCl] (org) = log Ku,o + log u + ulog (H+) fCl-J ( ;.11 
A plot of log [HCl] (org) versus log [H+) (Cl-J gave a straight 
line of slope unity showing that u = 1 and that a simple I 
distribution equilibrium describes the extraction of the acid. 
H+ (aq) + Cl- (aq) HCl (org) ( ;.12 ) 
This reaction is applicable to both nitrated and unnitrated' 
aromatics and the value or K1 o at 25°C for some aromatics is 
• • 
given in Table XX. 
Brown and Brady106 measured the solubility of HCl in 
solutions of aromatics in toluene and n-heptane at -78.15°C. 
Prom their measurements they deduced that the solubility is a 
94 
Aromatic 
Nitrobenzene 
Benzene 
Toluene 
Chlorobenzene 
Table XX 
-6.46 ... 0.04 
-6,63 "!. 0.07 
-6.63 t 0.04 
-6.8 
measure of the basic properties of the aromatic nuclei, The 
order of basicity corresponds to the values given in Table XX, 
107 Cook, Lupien and Scheider found that aromatic hydrocarbons 
form lrl and 2rl complexes with HCl on freezing. These complexes 
are attributed to weak hydrogen bonds formed between the acid 
and the~ orbitals of the hydrocarbon, 
9.4 System, Organic Solvent - HNO:;_:_li2Q 
The system organic solvent - HN03 - H20 is more complicatee 
than that for hydrochloric acid, because water- nitric acid 
complexes are formed in the organic phase, Both HNO:;,H2o and 
(HN0:;)2.H2o together with some free HNO:; have all been sh6wn to 
' i 
exist, though there is considerable disagreement as to which is 
91 the major species present. Hogfeldt gives good evidence for 
the complex HNO;.H20 being present in all systems in much larger 
93 
concentrations than (HN0;)2.H2o, whereas Hardy argues that 
(HN0;) 2 .H20 is the major species, 
Extraction into Unnitrated Organic Phases 
Consider the reaction, ( 3,13 ) 
+ -
uH (aq) + uNO:; (aq) + vH2o (aq) 
As.suming that the organic phase behaves ideally and applying 
the law of mass action to ( 3.13 ) gives, 
( 3.14 ) 
95 
or 
where fH+J (No,-) and fH 2o) are the activities o£ nitrio acid 
and water in the aqueous phase and Ku,v the equilibrium 
constant of equation ( :;,1:; ). I£ it is assumed that ( :;,1:;) 
is the major reaction, the following relationship holds between· 
the concentration o£ the oomplex and the total amount o£ nitric 
aoid present in the organic phase, 
( :;.16 ) 
By differentiation of ( :;.15 ) and insertion of the total 
amount of nitric aoid from ( 3,16 ) and, assuming u and v to be 
oonstants, gives, 
( :;.17 ) 
Combination of this with the Gibbs-Duhem equation and taking 
s 
the limit where [HNO:;J (aq) ~ 0 leads to, 
d ll)g [HNO:;J5 I d log (H+J (No:; ·3 = u ( 3.18 ) 
Therefore, u can be 
s 
log [HNO:;] against 
s 
plot of log [HNO:;J 
found from the limiting slope of a plot of 
log fn•J (NO:; -J and v from the slope of a 
- ulog (H+J (NO:;-J against log f:n 2o} • 
Hogfeldt found u to be equal to unity and v equal to zero. This 
means the extraction of nitric acid reduces to the simple 
! 
equation, 
( 3.19 ) 
92 However, later n.m.r. work by Hog£eldt showed that both 
HNO:; .H2o and (HNO:;h .H2o existed in the organio phase in 
96 
contrast to his earlier findings. Considering the earlier 
mechanism proposed, there are many assumptions made which would 
probably not be true under all conditions. 
From n.m.r. studies the proposed structure of the complexes 
was, 
Hardy's Approach 
Hardy9} deduced that the monohydrated dimer was the 
major species in the organic phase. The equilibrium concentration: 
of nitric acid in the organic phase were calculated from the 
following equation, 
2 2 
+ 2 K D Cu a 
' 
( }.20 ) 
where Cu a is the equilibrium concentration of the unionised 
' . 
nitric acid in the aqueous phase, taken from Hesford and 
108 KcKay • D is the distribution coefficient of unionised nitric 
acid between the two phases and K is the stoichiometric equilib-
rium constant given by, 
( }.21 ) 
for the equilibrium, 
( }.22 ) 
-1 A plot of C0 Cu,a against Cu,a gave a straight line of 
97 
2 
slope 2KD and intercept D at Cu a = 0, from which K and D could , 
be determined. Thie relationship held for benzene, toluene, 
carbon tetrachloride and n-dodecane. 
The infra red spectrum was used to identify compounds in 
the 
from 
organic phase, the assignment of the frequency bands coming 
109 
Ingold • They deduced the presence of (Hno 3) 2 .II 2o as the 
concentration of the nitric acid in the organic phase is twice 
that of water. 
This species also exists 
110 
as confirmed by Erdmann and 
68 
in very strong solutions 
111 Chedin and postulated by 
Ingold • From spectral data Hardy proposed the following 
structure for the complexf 
0---H 0 
/ ' / HO-N 0---HO-N 
' / ' 0---H 0 
with some contribution from an ionic species. 
[ ] + [ J-o---H o HO-N/ 'o-H 0-N/ 
'o---H/ · 'o 
112 Existence of the hemihydrate was also postulated by Knooh and 
113 Boronoelli, Scibona and Zifferero on similar evidence. 
The equation used by Hardy assumes that the activity 
coefficient of the unionised nitric acid in the aqueous phase 
remains constant over the concentration range used ( 4- 16Y ). 
It was shown by Hood, Redlich and Reilly39 that the activity 
coefficient varies by a factor of ten over this concentration 
range which would seem to invalidate the method used by Hardy • 
• 
Both methods used by Hogfeldt and Hardy seem to contain 
some dubious assumptions, which leads to a very unclear picture 
as to which species are present and in What concentrations. 
98 
Extraction into Nitrated Aromatics 
For the extraction of nitric acid into nitrobenzene, 
90 Rogfeldt proposed the following equations, 
( :;.2:; ) 
( :;.24 ) 
the amount of the product or the second equation being small. 
For a plot of C0 rg,versus CRNO:; ( stoichiometric molarity 
or HNO:; in the aqueous phase at equilibrium), at high concen-
trations, the curves for water and nitric acid approach each 
other and the main complex present will be HNO:;.H20• However, 
at high concentrations of water and acid in the organic phase, 
the assumption of constant activity coefficient in this phase 
may not be true and so Rogfeldt restricted the treatment of data 
to CHNO:; < 7Y. The conductivity or this system is so small 
that ionic species can ceitainly be neglected. However, from 
the large n.m.r. shift due to (HNO:;.H2o)2 the possibility 
cannot be excluded that this species may be more properly 
represented by (H:;O+N0:;-)2• 
9.5 Nitric Acid Species Present in Aqueous Sulphuric Acid 
The nitric acid species present in various concentrations 
of sulphuric acid can be broadly split into three sulphuric 
acid composition ranges. According to Deno, Peterson and 
89 Saoher , in the range 0 - 62 wt % H2so4 there exists an equil-
ibrium between HNO:; and NO:;-· Below 20 wt% n2so4 the nitric 
acid is mostly dissociated into R+ and NO:;-· Above this oomp-
+ 
osition H:;O is increasing introduced which will be more strongly 
R - bonded to the non-bonding electrons of the oxygen atoms 
on the NO:;- ion. 
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Then between 62 wt ~ and 65 wt % n2so4 , all the nitric 
acid exists in the form of molecular HNo,. Between 65 .wt % and 
lOO wt % n2so4 the major equilibrium is between molecular HNO' 
and the ni tronium ion ( No 2+), with also another compound 
formed thought to be the anhydride o2Noso,n. The equilibriums 
can be summed up as follows 1-
+ 
H + NO'- ( ,.25 ) 
The amount of anhydride formed is small ( l % in 65 wt % H2so4 , 
a maximum of 9 % in 90 wt % n2so4 , falling to l % in 99 wt % 
n2so4 ). 
9.6 Experimental and True Nitric Acid Distribution Coefficients 
for Distribution between Organic Phases and a Nitric - Sulphuric 
Acid Aqueous Phase 
The experimental distribution coefficient, Ke, is determined 
from the following relationship 1-
= ( '. 26 ) 
where (HNo,Jorg is the concentration of nitric acid dissolved 
in the organic phase and (HNO,Jaq is the concentration of nitric 
acid remaining in the aqueous phase. However, this relation-
ship assumes that all the nitric acid in the aqueous phase 
( H20 - HNO' - n2so4 ) is in the form of molecular nitric acid 
in equilibrium with molecular nitric acid in the organic phase. 
As can be seen from the previous section, this is not true and 
so to calculate the true nitric acid distribution coefficient, 
KT' the actual molecular HNO~ concentration at a particular 
lOO 
sulphuric acid composition, must be evaluated. In the range 
62 - 85 wt ~ sulphuric acid the relationship ( 3.26 ) will hold 
as all the nitric acid in the aqueous phase is in the form of 
molecular RN0 3• 
0 - 62 wt % H2so4 
The nitric acid distribution can be represented by the 
following equilibrium r-
HN0 3 (org) ~ HN0 3 (aq) ( 3.27 ) 
The true distribution coefficient, KT' is given by the equation, 
= ( 3. 28 ) 
)( 
where (HNo3Jaq is the concentration of molecular nitric acid 
in the aqueous phase. The aqueous phase equilibrium constant 
for nitric acid is given by, 
= ( H+)(No3- J 
(HN03):q 
The experimental distribution coefficient, 
Ke = (HN03Jorg 
Therefore, 
-1 
Ke = 
(HN0 3J:q + (No 3 -Jaq 
(HNo3J!q 
(HN03)org 
(N03-Jaq 
(HN03)org 
( 3.29 ) 
( 3.30 ) 
( 3.31 ) 
By substitution of KT and KN into equation 3.31 the true distri-
bution coefficient is seen to be, 
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+ (No3 -Jaq 
(HNo3J!q 
= -+ KN~ 
[H+]) 
Therefore, i£ the variation or either KN/(H .. ] or (No3-Jaq/CHNo3J!q 
with sulphuric acid composition is known, then KT can be 
evaluated from Ke• 
82 - lOO wt ' H2so4 
In this range the nitric acid equilibrium, ignoring .the 
formation or the anhydride is given by, 
and, 
HN03 (org) 
KN = (N02J(H2o] 
Cn+Dmo3~q 
Similarly, 
-1 Jrl Ke = (HNo3Jaq 
(HN03]org 
and 
KT = .. ( •[wo;'J ) 
(HNo3J:q 
( 3.33 ) 
( '· 34 ) 
(No2•J ( 3 0 35 ) 
+ 
(HN03]org 
= Ke (l ... [~·v 
[H20] 
( 3.36 ) 
So i£ the variation or [No; ]j[HNo3J!q or K~H 1]/(H2o] is kn,own 
with sulphuric acid composition again KT can be calculated 
from Ke• 
102 
CHAPTER TEN 
Experimental 
10.1 Distribution of Nitri£_Acid between Aqueous E!Q;-=-R2§Q4 
and Various Organic Phases 
(a) The variation in distribution coefficient with nitric 
acid concentration was measured using carbon tetrachloride, 
iso-octane and nitrobenzene as the organic phases. The nitric 
acid phase ( lOO cm; ) and the organic phase ( lOO om3 ) were 
stirred together in a three necked round bottomed flask, held 
0 . in a water bath at 25 r o.l c, for ;o minutes. The two phases 
were then allowed to separate for at least 2 hours. Then, 
depending on the organ~c phase being used and the nitric acid 
distribution, either 5 1 10 or 25 cm; aliquots of the oreanic 
phase were removed. These were washed with distilled water 
( 25 om3 ) to remove the nitric acid 1 which was titrated, in 
the presence of the organic phase, with M/10 NaOH, using methyl, 
orange indicator. 
(b) For the same organic phases, the variation in distri-
bution coefficient was measured using different concentrations 
o£ sulphuric acid in the aqueous phase, while the nitric acid 
concentration was kept constant. Nitric acid concentrations 
o£ 6.;12M and 1.578111 were used for iso-octane and carbon tetra-
chloride, while for nitrobenzene only the 1.578M acid was used. 
Again all the measurements were made at 25°0. 
(c) For· a series o£ organic phases the nitric acid distri-
bution coefficient was measured usine the same, reference, 
aqueous phase composition. A comparison was made between an 
aqueous nitric acid reference and an aqueous H2so4 - IH!O; 
reference. The or~nio phases used were iso-ootane, carbon 
lo; 
tetrachloride, nitrobenzene, chlorobenzene, toluene, nitre-
toluene and orthochloronitrobenzene. The same experimental 
technique was used as in section (a) with all measurements 
being made at 25°C, except for ortho chloronitrobenzene which 
0 
was measured at 40 c. For the more reactive organic phases, 
after stirring and separation, the organic phase was checked 
spectroscopically to make sure that no nitration had taken 
place. The reference solutions used were as follows :-
Nitric Acid Reference: 16.56 mole ~ HNo 3 ( ~-151M ) 
Nitric - Sulphuric Acid Reference: 9.6 mole % H2so4 , 6.8 m~le % 
HN03 , 83.6 mole% H20 ( [HN03) = 3.155M ). 
(d) The experiment was repeated using the same organic 
phases with references phases of aqueous hydrochloric acid 
and aqueous HCl - H2so4 • The aqueous phase compositions were 
as follows :-
Hydrochloric Acid Reference: [HCl] = 11.218M 
Hydrochloric - Sulphuric Acid Reference: 17.14 mole~ H2so4 , 
5.06 mole ~ HCl, 77.8 mole% H2o ( [HCl] = 2.244M ). 
0 The measurements were made at 25 C except ortho chloronitro-
benzene ( 40°C ). 
10.2 Distribution Coefficient for HNo 3 with Carbon Tetrachloride 
and !so-octane over the Entire Three Component Diagram. 
(a) The distribution coefficient was measured along the 
HN0 3 - H2o axis by using various compositions of nitric acid 
in the aqueous phase. The same experimental technique was used 
as described previously at 25°C. Above 80 mole ~ HNo 3 , iso-
octane reacted vigorously with the acid and so was not used 
again. The endpoint of the titration with M/10 NaOH was measured 
with a pH meter and glass electrode, as at these high nitric 
acid concentrations, when the indicator was added to the 
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washed organic phase it was decolourised. The endpoint was 
taken at a pH of 4.4, the same as that given by the methyl 
orange indicator and the solution was continually stirred, with 
a magnetic stirrer, while the titration was made. 
(b) The distribution coefficient was measured along the 
HNO; - H2so4 axis, the acid phase being made up of mixtures 
of fuming nitric and concentrated sulphuric acids. 
(c) The remaining measurements were made along lines of 
constant mole ~ H20, by using various mixtures of the same 
mole % n2so4 and HNO; solutions together with carbon tetra-
chloride as the organic phase. The mole % H2o lines studied 
were 40, 60 and 80 and again all measurements were made at 25°C. 
10.3 Densities for the Three Component System HN0;~2 so4~2Q 
For all nitric acid distribution measurements in this 
Part, the densities of all HllO;-H 2so4-n2o mixtures were 
measured to enable their compositions to be determined. The 
densities were measured at 25°C using a density bottle. This 
data was then used to compile a density picture for the three 
component diagram. 
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CHAPTFR ELEVEN 
Results 
11.1 Distribution of Nitric Acid between Aqueous HNO)-=-li2so4 
and Various Organic Phases 
(a) The nitric acid distribution data, calculated from 
equation ),26 1 for iso-ootane, carbon tetrachloride and nitre-
benzene phases With aqueous nitric acid phases is given in 
Table XXI, 
Jlole % HNO} 
1.4} 
2.90 
5.98 
7.}0 
9.26 
12.8 
16,5 
16.7 
27.1 
4o.o 
I so-octane 
5.495 
4.395 
3. 752 
3. 252 . 
Table XXI 
-log Ke ( 25°C ) 
Carbon Tetrachloride 
4.824 
3. 726 ).222 
2.765 
Nitrobenzene 
3.108 
2.706 
2.244 
1.876 
1, 590 
1.330 
(b) Table XXII gives the nitric acid distribution coefficient 
data for the same organic phases, but with an aqueous phase 
containing different concentrations of sulphuric acid With 
constant nitric acid concentration. 
l, [RNo3J = 1.578K 
Kola '{. ~!i0-4-
o.o 
4.7 
10.4 4.022 
13.9 3-533 
18.8 3.121 
27.4 2.635 
37.6 2.264 
51.0 2.036 
60.9 2.457 
74.1 ).370 
82.7 4.080 
Table XXII 
carbon Tetrachloride 
4.137 
3.264 
2.967 
2.606 
1. 754 
1,582 
2,016 
2, 690 
3.390 
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Nitrobenzene 
2,706 I 
1.678 
0,863 
o.5eo 
0,)13 
-0.029 
-0.362 
0.341 
2, [HNo3J = 6,312X 
Mole '{o H2S04 
o.o 
;.;a 
7.;; 
9. 69 
12,83 
18.07 
2;, 77 
30.25 
34.50 
37.38 
61.96 
Iso-octane 
4.879 
4.268 
;.703 
;.409 
;.201 
2. 775 
2. 398 
2,110 
2,009 
2.018 
2.;19 
Carbon Tetrachloride 
4.162 
;. 614 
;.102 
2,893 
2, 644 
2,279 
1.943 
1,648 
1.523 
1~ 529 
1,854 
A plot of log Ke versus the mole '{o n2so4 in the aqueous 
phase is given in Fig. XIII for the three orgsnio phases studied, 
(c) Table XXIII contains the nitric said distribution 
coefficient data for the nitric acid reference phase and the 
nitric - sulphuric reference phase with the seven organic 
phases studied. 
Table XXIII 
1, Nitric Acid Reference 1 16.56 mole '{o HNO; ( 8~15UI ) 
Organic Phase HNO Solubility ( dm; mol-l ) -log Ke ( 25°C ) 
I so-octane ;,15 X lo-4 4.413 
Carbon Tetra- 10-; chloride 1,52 X ;.726 
Chlorobenzene 1,07 X lo- 3 ;.ss; 
Toluene 2,17 X lo- 2 ;.573 
o-Nitrochloro-
lo- 1 benzene 2,75 X 1.457 ( 40°C ) 
Nitrotoluene 3,90 X lo-1 1.298 
Nitrobenzene 4,47 X lo- 1 1,2;7 
2, Nitric - Sulphuric Acid Reference, 9.6 mole '{o n2so4, 6,8 mole 
% HNO; ( ;.155M HNO; ) 
Organic Phase HNO; Solubility ( dm; mol-l ) -log Ke ( 25°C ) 
I so-octane 6.8 x lo- 4 ;.666 
Carbon Tetra-
2,54 X 10-;i chloride ;.094 
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(HNO~) = 6.~1211 
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60 70 
Chlorobenzene 3.05 X lo-3 3.104 
Toluene 5.41 X lo-3 2. 764 
o-Nitrochloro- 10-l benzene 2.42 X 1.080 ( 40°C ) 10-l Nitrotoluene 4.00 X 0.839 
-l Nitrobenzene 4. 66 X 10 0.762 
(d) Similarly Table XXIV contains the hydrochloric acid 
distribution coefficient data for the hydrochloric acid 
reference phase and the hydrochloric - sulphuric acid reference 
phase with the seven organic phases studied. 
Table XXIV 
l. Hydrochloric Acid Reference1 [HCl] = ll.2l8M 
Organic Phase HCl Solubility ( 3 -l dm mol ) -log Ke ( 25°C ) 
I so-octane 0.0208 2. 731 
Carbon Tetra-
chloride 0.0287 2.590 
Chlorobenzene 0.0463 2.383 
Toluene o. 07 64 2.164 
o-Ni trochloro-
40°C benzene 0.103 2.032 ( ) 
Nitrotoluene 0.113 1.987 
Nitrobenzene 0.116 1.979 
2. Hydrochloric - Sulphuric Acid Reference1 17.14 mole% H2so4 , 
5.06 mole% HCl ( [HCl] = 2.244M ). 
Organic Phase HCl Solubility ( dm3 mol-l ) -log Ke ( 25Pc ) 
I so-octane 0.0133 2.225 
Carbon Tetra-
chloride 0.0202 2.043 
Chlorobenzene 0.0304 1.862 
Toluene 0.0497 1. 645 
o-Nitrochloro-
benzene 0.0635 1.536 ( 40°C ) 
Nitrotoluene 0.0696 1.495 
Nitrobenzene 0.0706 1.488 
11.2 Distribution Coefficient Data for HNQ3 with Carbon Tetra-
chloride over the Three Component Diagram 
All the distribution coefficient data for carbon tetra-
chloride together with the data in Table XXII recalculated is 
given in Appendix VII. 
110 
Construction of a Three Component Diagram for the Nitric Acid 
Distribution Coefficient, Ke• ( 25°C ) 
To construct this diagram the nitric acid distribution 
data for aqueous aoid phases and an organic phase of carbon 
tetrachloride was used, Contours of log K8 were determined 
from -4.5 to -1.5 in 0.5 steps together with the additional 
log Ke contours of -1.8 and -1.6. The method of evaluating 
each point was·as follows, Along the HNO}- H2o axis a plot of· 
log Ke versus mole % HNo 3 was made and the values of mole % 
HNo3 corresponding to the above contours were taken £~m the 
graph. For the concentrated nitric and sulphuric acid mixtures 
and for the measurements made along the constant mole % H20 
lines, the same procedure was used, As all these measurements 
followed a known path over the three component diagram, the 
composition corresponding to the above contour values, of 
could be determined, 
log Ke, 
I 
Lastly for the mixtures given in Table XXII involving 
the 1.578M and 6.;12M nitric acid concentrations, for each 
nitric acid concentration, a plot of log Ke versus mole % HNo 3 
and log Ke versus mole ~ n2so4 was constructed,By using both plots 
the three component compositions corresponding to the desired 
log Ke contour values could be determined, All this calculated 
data is plotted on the three component diagram, Fig. XIV. 
0 11,3 The Three Component Density Diagram ( 25 C ) 
From the literature the densities for nitric acid - water114 
and sulphuric acid - water115 mixtures was known, The densities 
for the mixtures used to determine the distribution coefficient 
for the three component diagram are given with the rest o£ the 
three component data in Appendix VII. The contours o£ density 
constructed were 1.05 to 1.85 in steps of 0.05 g om-3, Along 
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the HNO} - H2o, n2so4 - H2o axes and the compositions over the 
three component diagram of constant mole ~ H2o, a plot was 
made of composition versus density. The compositions corres-
ponding to the density contour values were taken from the 
graphs and are plotted on the three component density diagram, 
Pig. XV. 
11.4 Log [HNO}l~rg versus log fH1(No 5-J Plots for Nitric Acid 
between Different Organic Phases and Aqueous Nitric Acid ( 25°C ) 
As argued through equations ).1} - ).18 the activity of 
the nitric acid in the aqueous phase should be proportional 
to the solubility of nitric acid in the organic phase, providing 
the concentration of dissolved nitric acid in the organic phase 
does not become too 
holds a plot of log 
great. Therefore, if this relationship 
s [HNO}]org versus log iH1(No}-} should be a 
straight line. If the nitric acid is present as monomers, in 
the organic phase, then the slope of this plot will be unity. 
For the three organics, iso-octane, carbon tetrachloride and 
nitrobenzene values of log (HNO}]~rg and log in+J~o~-J are 
given in Table XXV. 
This data is calculated for the points given in Table XXI 
and for the data along the HNO} - H2o axis given in Appendix VII. 
Log fH~[No~-j is the activity of nitric acid in the acid phase 
116 
and is taken from Redlich et al • The resulting plots are 
shown in Fig. XVI and are seen to be good straight lines curving 
up at very high nitric acid concentration. The slopes of these 
plots for iso-octane, carbon tetrachloride and nitrobenzene 
are 1.02, 0.98 and 0.90 respectively. 
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Table XXV 
Mole % HN0:5 log fH+](No 3-J 
s 
-log [HNo3Jorg 
Iso-ootane CC14 Nitrobenzene 
1.43 -3.970 3.208 
2.9 
-3.296 2.509 
6.0 
-2.458 1. 747 
7.3 -2.269 5.000 4. 238 
9.3 -1.862 1.202 
12.4 
-1.387 4.079 3.361 
12,8 
-1.350 0.800 
16.5 
-0.920 0.452 
16,6 
-0.910 3.502 2.818 
16,7 
-0.889 3·498 2.830 
22,2 
-0.381 2.959 2. 379. 
27.1 -0.010 2, 678 2.149 
29.0 0.127 2.499 1.939 
40.0 0.750 2,057 1.569 
1.867 1.471 
50.5 1.161 1.360 0,987 
58.9 1.390 0.947 0.740 
69.2 1.604 0.398 0.355 
77.5 l. 735 0.226 
86.3 1.832 0.055 
90.2 1,864 0.053 
11,5 Correction of Ke to KT for the Distribution of Nitric Acid 
between Aqueous Sulphuric Acid Phases and Iso-octane, Carbon 
Tetrachloride and Nitrobenzene 
As described in chapter 9.5, the distribution coefficient 
for nitric acid is between molecular nitric acid in both phases, 
The concentration of molecular nitric acid in the aqueous phase 
is not always equal to the total nitric acid concentration and 
is dependent on the sulphuric acid concentration present in the 
aqueous phase, Corrections were made for the 1.578M nitric acid 
solutions given in Table XXII so that all the data could be 
expressed in terms or the true distribution coefficient, KT• 
For the range 25 - 51 mole ~ H2so4 all the nitric acid 
present in the aqueous phase is molecular and so Ke ~ KT. 
Below 25 mole ~ H2so4 the Ke values were corrected as 
follows, Equation 3.32 defines how Ke is corrected and Deno 
116 
et a189 give values of [N03-Jaq/[HN03J!q for 30 - 60 wt % 
sulphuric acid. It was found that over this range a plot of 
log ( [No3-Jaq/[HNo 3J~q ) versus the wt % H2so4 .was a good 
straight line of slope -0.0543 and intercept 2,379. Therefore, 
this plot could be used to calculate KT in this sulphuric acid 
composition range. Below 30 wt % sulphuri~ acid this plot was 
used as a good approximation as the alternative method involving 
Kw/[H•)proved unsatisfactory. 
Above 51 mole '{. n2so4 the following procedure was employed. 
89 Again from Deno et al it is known that at 91.3 wt % n2so4 
(No2+J/(HN0 3J~q = 2.33 and that at 89.2 wt '{. n2so4 the ratio 
is 1.5. The acidity. function Jo, effectively -log { (H~H20) ) 
117 over this sulphuric acid range is also known • As then both 
[N02) /[HNO}J~q and en+ J/(H20) variation With sulphuric acid 
composition are known, the change in KN for equation 3.34 can 
be calculated. Then substitution of the appropiate values of 
Kw and (H•)j(H20) into equation 3.36 Will enable KT to be 
calculated. 
All these corrected KT values are given in Table XXVI with 
a plot of log KT versus mole % TI2S04 given in Fig. XVII. 
Table XXVI 
Mole 'fo H2so4 -log KT ( 25°C ) 
I so-octane cc14 Nitrobenzene 
o.o 1,068 
4.7 2.883 0.424 
10.4 3.561 2.803. 0,422 
13.9 3.292 2·. 726 . 0. 339 
18.8 3.035 2.520 0,227 
27.4 2.635 - :' \ -0.029 
37.6 2,264 1.754 -0.326 
51.0 2.036 1.582 0.341 
60.9 2.224 1.783 
74.1 3.100 2.421 
82.7 3.962 3.272 
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11,6 Construction of a Three Component Diagram of Nitric Acid 
I 
Activity 
Contours of log ~H+J(No 3-J were constructed by consideration 
of the nitric acid distribution data for carbon tetrachloride 
over the three component diagram given in Appendix VII, It was 
known that !or nitric acid distribution data along the nitrio 
aoid- water axis that a plot of log [RNo3 J~rg versus log[H1[No3-) 
was linear with slope 0.98. This indicated that nitric acid 
was monomerio in the organic phase along the nitric acid - water 
axis, and it was assumed that it remained monomerio over the 
entire three component diagram. This meant that from each value 
s 
of [HNo3Jorg over the three component diagram a value of 
s [H+J fno 3 -J oould be determined from the plot of log [HNo 3Jorg 
versus log fH+J ~No 3 -J from the nitric acid - water axis distri-
bution data, The activity values so determined are given in 
Appendix VII. They ware used to construct contours of log 
~H+J i:No 3-J, ranging from -3.0- 1,5 in steps of 0.5, using a 
method analagous to that employed to construct the contours of 
distribution coefficient, given in section 11,2, The three 
component diagram of log lH+}(No3-} is shown in Fig. XVIII, 
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Pig. XVIII 
Contours of log (HJ (No3-) troa cc14 Distribution Data ( 25°C ) 
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CHAPTER TWELVE 
Discussion 
12,1 Distribution of Nitric Acid between Water and Organic Phases 
From the plots of log [HNO))~rg versus log in•J(No, -~, 
for nitric acid in the three organic phases studied (Fig, XVI), 
it is evident from the slope o£ unity that the nitric acid is 
present as monomers in the organic phase, For carbon tetrachloride 
this relationship holds more or less over the whole range of 
nitric acid composition studied, However, at high nitric acid 
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concentrations, the iso-octane reacts with HNO) as seen by 
the curvature of the plot above 40 mole % UNo,. Nitrobenzene 
has a linear relationship over the range studied up to 16,5 
mole 'fo HNO' ( "'81! ) • The slope of the plot is 0,9 which suggests 
that the situation is more complicated, This may be explained 
by the high solubility of nitric acid in nitrobenzene either 
arrecting. the nitric acid concentration in the aqueous phase 
or the nitric acid activity coefficient in the organic phase, 
12,2 Distribution of Nitric Acid between Aqueous Sulphuric Acid 
and Organic Phases 
Low Nitrio Acid Concentration 
Fig. XIII shows the experimental distribution coefficient, 
Ke, to rise for all the organics with increasing mole ~ 
sulphuric acid. For 1.5781! and non-aromatics the maximum occurs 
at 51 mole 'fo n2so4 and then K6 decreases again with increasing 
sulphuric acid composition. For the nitrobenzene the maximum 
occurs at around 40 mole 'fo n2so4, though the last point showing 
the downward curve may be incorrect. 
The relationship between phases seems to stay almost 
constant over the range or sulphuric aoid compositions studied, 
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With at any particular composition, the nitric acid being 5 
times less soluble in iso-octane than in carbon tetrachloride. 
For nitrobenzene, nitric acid is 1000 times more soluble than 
in iso-ootane. The low nitric acid solubility in iso-ootane and 
carbon tetrachloride is caused by them both being non-polar, 
though carbon tetrachloride does contain polar atoms and this 
'together With its spherical shape may account £or the greater 
solubility o£ nitric acid in this solvent. In contrast nitro-
benzene is considerably more polar and contains No 2 groups, 
which would presumably provide excellent sites £or hydrogen 
bonding, which accounts £or the g~eater nitric acid solubility. 
True Distribution Coe££icient, KT' Plots 
For lo578M nitric acid it is assumed that the system is 
essenti~lly two component and that the acidity and aotivties 
are due only to the sulphuric acid. For the corrected distribution 
ooe££icient, the variation in distribution ooe££icient with 
sulphuric acid composition, ( Fig. XVII ), is seen to be much 
less and for iso-octane, the plot in Fig. XVII is symmetrical 
about the 50 mole - n2so4 value. 
The carbon tetrachloride and nitrobenzene curves, at low 
sulphuric acid composition, are seen to level o££ which may be 
duo to one o£ three rea~ons. Either it is a real effect or 
secondly it is caused by the proportion o£ nitric acid to 
sulphuric acid at low sulphuric acid concentration, making the 
two oomponent'assumption invalid. Thirdly, the correction £or 
KT at these lower sulphuric acid concentrations may be invalid 
as the plot o£ log ( C NO;; -J/CHNo;;'faq) versus wt % sulphuric 
aoid does not remain linear as assumed. 
It is interesting to note for Ke and KT plots £or non-
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aromatics and 1,578M HNo 3 , that the maximum distribution coeff-
icient occurs at 51 mole % H2so4 • This is the position of 
maximum internal pressure 43 in the H2so4 - H20 system and so 
would be the position where nitric acid would be expected to 
be least soluble in the aqueous phase, Even for the corrected 
distribution coefficients, there is a falling off at low and 
high sulphuric acid compositions, which would seem to reflect 
the internal pressure of the sulphuric acid - water aqueous 
system, 
High Nitric Acid Concentration 
For the 6,312M HNo 3 , a similar plot is seen for the non-
aromatics though the maximum occurs at 35 mole % sulphuric 
acid and above this point the distribution coefficient is seen 
to fall very slowly, However, at such high nitric acid concen-
trations the system is three component, the last point on each 
curve having the composition 37 mole % RNo 3 , 48.5 mole % H2S04. 
In this system the nitric acid is having a large effect on the 
acidity o£ the system, which explains why the maximum in internal 
pressure occurs at a lower sulphuric acid composition. The 
levelling of£ of the distribution coefficient is consistent 
with the other data used to construct the three component 
distribution coefficient diagram (Fig. XIV), where in the 
middle of the three component diagram, the distribution coeff-
icient is seen to vary very little, 
12,3 Nitric and Hydrochloric Acid Distribution between Different 
Reference Phases and Seven Organic Phasee 
Appendix VIII is a table of differences in log Ke for the 
reference phases studied and the data for Which are given in 
Tables XXIII and XXIV. The aim of this study was to see how the 
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relationship between the organic phases changes for different 
aqueous phases, The seven organic phases used can be split into 
three catagories, 
l. Non-aromatics1 !so-octane and Carbon Tetrachloride 
2. Aromatics1 Chlorobenzene and Toluene 
~. Nitrated Aromatics1 o-Nitrochlorobenzene, Nitrotoluene and 
Nitrobenzene, 
These three phases represent an inert organic phase, a 
phase of starting material in aromatic nitration and a phase of 
product in aromatic nitration. Hydrochloric acid reference 
phases were also studied as these are known to be much simpler 
with no species other than HCl or H20 in the organic phase. 
Systems HCl - H2o - Organic and HCl - H2so 4_:_g2o - Organic 
The most striking feature of these systems is how little 
the distribution coefficient changes, In going from iso-octane 
to nitrobenzene, the change in log Ke is only 0,752 or a factor 
of 5.5 in solubility. The change of reference system to include 
sulphuric acid does not change the relative differences in 
log Ke within experimental error, There may be a slight rise 
in the solubility of HCl in carbon tetrachloride and chloro-
benzene relative to the other organics in going from the aqueous 
hydrochloric acid system to the aqueous hydrochloric - sulphuric 
acid system, This may be explained by the larger activity of 
HCl in the sulphuric acid system as all the organics show an 
increased HCl solubility in this system, As carbon tetrachloride 
and chlorobenzene contain chlorine atoms, they may show some 
special affinity towards HCl as seen by the increased relative 
solubility, Otherwise these systems would appear to be very 
simple as already described94,95. 
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Systems HNO:;-=..J!20 - Organic and HUO;-=..J!2S04-=..J!20 - Organic 
In contrast to the hydrochloric acid systems, for nitric 
acid there is a very large difference in distribution coefficient 
between the various organic phases, From iso-octane to nitro-
benzene in both reference phases the distribution coefficient 
changes by a factor or 1000. Secondly, the distribution coeff-
icient differences, between organics, change markedly on going 
from the nitric acid reference phase to the nitric - sulphuric 
acid reference phase, The solubility of nitric acid is lowest in 
isc-cctane, Carbon tetrachloride, chlorobenzene and toluene all 
have similar solubilities in the range 4 - 8 times greater 
than for iso-octane. 
Activities in the Reference Systems 
For the 16,6 mole ~ nitric acid reference system, from 
116 S"+JC -) Redlich et al the log tH tNO:; J of the nitric 
composition is -0.9. If this value is used on the 
acid at this 
s 
log [HNO:; Jorg 
versus log £H+J (NO:;-J plots seen in Fig. XVI, the corresponding 
values of nitric acid solubility-in iso-octane, carbon tetrt-
chloride and nitrobenzene are :;.16 x lo-4 , 1,:;5 x 10-:; and 
0,44 mol dm-3 respectively, The values seen in Table XXIII for 
the same three organics are :;.15 x lo-4 , 1.52 x 10-:; and 0,447 
mol dm-:; respectively, which are in excellent agreement with 
those obtained here. 
Fig. XVIII can be used to calculate the change in nitric 
acid activity between the two reference phases, From the log 
~H+) iNO; -J three component diagram, log {H+) {NO:;-J for the 
nitric acid reference phase and the nitric - sulphuric acid 
reference phase is -1.0 and -0.7 respectively. This means that 
the nitric aoid activity is twioe as large in the nitric -
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sulphuric acid reference phase as in the nitric acid reference 
phase, From Hog£eldt and Bolander91 , the water activity in the 
nitric acid reference phase is 0,6 and i£ the water activity 
in the nitric - sulphuric reference is assumed to be equal to 
that due 
would be 
to the sulphuric acid present, then the water activity 
119 0.1 • Therefore, in going from the nitric acid 
reference phase to the sulphuric acid reference phase, the 
nitric acid activity doubles and the water activity remains 
the same. 
Non-Aromatics 
For iso-octane and carbon tetrachloride the nitric acid 
solubility in the sulphuric reference phase is approximately 
i 
twice that predicted £or the nitric acid reference phase, This 
is consistent with the view that the nitric acid is undissociate6 
in the organic phase and that its solubility is only dependent 
on the nitric acid activity in the aqueous phase, 
Aromatics 
For chlorobenzene and toluene the nitric acid solubility 
in the sulphuric acid reference phase increases by an average 
o£ 2.7 times, This indicates that the nitric acid species in 
the organic phase are not simple monomers. As the water activity 
has not changed, the change in solubility must be due to the 
nitric acid activity only, Both Hog£eldt9 1 and Hardy93 suggest 
that nitric acid - water complexes are formed in the organic 
phase though this cannot be proved here, However, the change 
in solubility implies that a certain percentage o£ the nitric 
acid in the aromatic phases is present as dimers. I£ the water 
concentration in the aromatic phases has not changed and the 
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then the equilibrium between the two species, has moved in 
favour of the (HN05)2H20 in going to the sulphuric acid 
reference phase. This leads to the conclusion that for nitric 
acid solutions of low concentration, the main species in the 
aromatic phase is HNO~.H20 as postulated by Hogfeldt and not 
(HN0~) 2H2o as postulated by Hardy. 
Nitrated Aromatics 
Here in changing from the nitric to sulphuric acid 
reference phases, the solubility of nitric acid in the organic 
phase does not significantly change. Initially this appears· to 
be contrary to the plot of log (HNo5]:rg versus log ~·][No,-] 
for nitrobenzene, Which showed that the solubility was proport-
ional to the nitric acid activity in the aqueous phase. However, 
i~ the sulphuric acid reference phase the solubility of nitric 
acid in the aromatic is high in comparison with the concentration 
of nitric acid remaining in the aqueous phase. For nitrobenzene 
about 17% of the nitric acid has been transferred to. the 
organic phase. Therefore, the resulting nitric acid activity 
is less and it can be shown by use of Fig. XVIII that for such 
a depletion in nitric acid, the activity would approximately 
be halved. This results in the same activity and so solubility 
as in the nitric acid reference phase. 
12.4 The Three Component Diagrams for log Ke and log fH+) {No,:J 
The three component diagrams for the experimental nitric 
acid distribution coefficient and the nitric acid activity 
heavily rely on the assumption that the nitric acid is monomeric 
in carbon tetrachloride over all regions of the three component 
diagram. From the evidence presented ao far, this would seem 
to be the case except for very high nitric acid activities. 
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For the log Ke three component diagram the distribution 
coefficient changes little over large areas in the centre of 
the diagram, including those compositions used in many comm~r­
cial nitrations. The distribution coefficient changes more 
rapidly towards the corners representing 100 mole ~ H2o and lOO 
mole % H2so4 where the concentration of molecular nitric acid 
becomes small, due to the formation of nitrate and nitronium 
ions respectively. Again as seen with many properties of these 
systems, including nitration rates and overall acidities in the 
three component diagram (Part I ), the contours run perpendiculaJ 
to the HN03 = 0 axis. 
For the log fH+J(No 3-J three component diagram a similar 
picture is seen with little change in nitric acid in the centre 
of the three component diagram, which follows from the small 
changes in the distribution coefficient. The change in the 
activity of nitric acid, on moving along a line of constant 
mole % HN03, is an increase up to 50 mole % H2S04 followed by 
a decrease. This corresponds with the log KT versus mole% H2so4 
plots given in Fig. XVII and the path of the log {H+} {No3-J 
contours Will correspond With the contours of log KT, as in 
effect, this component diagram indicates the concentration of 
molecular nitric acid in the aqueous phase. As the mole % nitric 
acid is increased, then the change of activity in moving across 
a line of constant mole ~ HNo3 becomes smaller as seen for the 
log Ke contours also. This is seen for the log Ke versus mole % 
H2so4 plots for the three organic phases ( Fig. XIII ) at 1.578 
and 6.}12M nitric acid. 
The contours are much more curved than those of log Ke 
and are remarkably similar to those for the nitric acid partial 
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vapour pressure in this system, described by Urbansky • Both 
methods measure the nitric acid activity of the system, though 
in the present study there is much more information in the 
water corner of the three component diagram. 
12.5 Uses of Nitric Acid Distribution Data 
Throughout this Part the aim has been to establish the 
relationship between organic phases and their behaviour under 
varying conditions of the three component system. If this is 
known, then the concentrations of nitric acid, in each phase of 
a two phase system, can be calculated for any desired organic 
phase, provided its relationship to a studied organic phase is 
known. 
Here it has been shown that the nitric acid solubility 
in iso-octane, carbon tetrachloride and nitrobenzene is dependent 
on its activity in the aqueous phase and that this relationship 
holds over a considerable range of nitric acid concentration. 
Secondly, for increasing sulphuric acid composition and 
the same nitric acid concentration in the aqueous phase, the 
relationship of nitric acid distribution coefficients between 
organics, remains the same up to high sulphuric acid composition 
( With nitrobenzene up to 40 mole % H2so4 ) • 
The relationship between non-aromatics, aromatics and 
nitrated aromatics is a little more complicated. By using a 
nitric acid reference phase and a sulphuric acid reference 
phase it has been shown that the relationship for non-aromatics 
and nitrated aromatics would again hold over a considerable 
area of the three component diagram. However, for aromatics, 
where more than one nitric acid species is present in the 
organic phase in significant concentrations, the relationship 
between these and other organic phases could only be approximated 
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in many areas of the three component diagram. Therefore, from 
this point of view it would be of interest to study an inert 
aromatic phase over the three component diagram. 
The three component diagram of nitric acid activity 
calculated from the carbon tetrachloride data, allows the nitric 
acid solubility to be estimated in any non-aromatic or nitrated 
aromatic and approximated in the case of aromatics over the 
range of the three component diagram used for mononitration 
of many common aromatics. 
The three component diagram of density is useful in 
observing how an aqueous phase three component composition could 
change in the process of nitric acid distribution or reaction, 
where there are large nitric acid concentration changes. 
12.6 Conclusions 
Industrial nitrations are invariably two phase reactions 
in which the rates shown in Chapter 1.3 depend upon k2 , (Ar H)aq 
and (HNo3Jaq• k2 being the second order rate constant for homo-
geneous nitration in the acid phase and (Ar H)aq and (HN03Jaq 
the concentrations of aromatic and nitric acid respectively in 
the acid phase. Parts I, II and III of this thesis should 
enable estimates to be made of the magnitudes of k2 , (Ar H)aq 
and (HNo3Jaq respectively for any aromatic under a wide variety 
of conditions, particularly if the values of these three 
quantities are known for one set of conditions. This should be 
very useful in enabling reaction rates and plant performances to 
be predicted when existing reactors are modified and new reactors 
designed. 
However, more data in this area is still needed and in 
particular further work is desirable to determiner 
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1. The concentration of water present in an inert. non-aromatic 
phase (eg. ccl4 ) for varying compositions of HN03 - H2S04 -
n2o to establish the water distribution coefficient and 
activity over the three component diagram. 
2. The concentration of nitric acid and water present in an 
inert aromatic phase (eg. C6P6) over the three component 
diagram. This would lead to a greater understanding of the 
nitric acid - water species present in the aromatic phase and 
would greatly improve the estimation of rate data for any 
partioular·aromatio if. its relationship t~ C6P6 was known 
at a specific composition. 
3. The k2 ·contours and associated energy of activation for mono-
nitration at higher sulphuric and nitric acid compositions 
to those studied in Part I to improve the overall.picture of 
the reaction conditions often used in industrial nitrations. 
4. The solubility and heat of solution of an inert aromatic in 
the aqueous phase over the three component diagram and to 
• 
establish a relationship between the solubility of this 
aromatic and those aromatics commonly used in industrial 
nitrations. ·· 
5· The solubility of sulphuric acid in the nitrated aromatic 
phase at high acid concentrations. 
With this extra data available the general picture already 
outlined would be greatly extended and a much more quantitative 
assessment of the rates, solubilities and distributions enoount-
ered under various reaction conditions would be possible. 
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Appendix I 
0 ~2 Data for the Three Component System at 25 C ( Fig. I ). 
k2 data for chlorobenzene from the initial work using oonstant 
weight~ HNo3 and H2so4 • 
k2 x 10
4 {dm3 mol-l s- 1) 
1.0 
2.0 
8.o 
16.0 
32.0 
Jlole 'f, HN03 
19.05 
15.81 
11.22 
18.40 
12.85 
8.08 
20.03 
15.81 
8.83 
4. 58 
19.31 
11.98 
4.98 
o. 71 
17.35 
7.56 
o.n 
13.33 
3.89 
8.29 
0.29 
14.08 
14.82 
17.11 
14.56 
17.01 
19.41 
14.88 
16.49 
19.91 
21.98 
15.42 
19.33 
22.81 
24.82 
16.88 
22.62 
25.94 
19.89 
25.35 
23.68 
2a.o3 
Error in k2 is t 15 'f, of the tabulated value. 
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66.87 
69.37 
71.67 
67.04 
70.14 
72.51 
65.09 
67.70 
71.20 
73·44 
65.27 
68.69 
72.21 
74·47 
65.77 
69.82 
73.33 
66.78 
70.76 
68.04 
71~68 
Appendix I co~tinued 
~2 Data for Ch1orobenzene 
4 x -1 8 -1) ~ k2 x 10 (dm~ mol Mole ~ HN03 
1.o 
4.0 
6.o 
16.0 
32.0 
36.67 
36.20 
25.40 
14.70 
@ 
38.40 
34.70 
23.95 
12.20 
@ 
38.oo 
33.20 
22.50 
10.80 
@ 
37.58 
31.60 
20.80 
6.90 
@ 
37.15 
30.10 
18.90 
7.00 
@ 
36.73 
28.60 
16.75 
5.10 
0 
36.20 
27 .oo 
14.50 
3.75 
0 
2.43 
3 .so 
9.60 
15.30 
23.90 
3.53 
5·30 
11.05 
17.80 
24.60 
4.45 
6.80 
12.50 
19.20 
25.40 
5.42 
8.40 
14.20 
21.10 
26.10 
6.45 
9.90 
14.10 
23.00 
26.80 
8.45 
11.40 
18.25 
24.90 
27.50 
8.50 
13.00 
20.50 
26.25 
28.20 
0 - Nitric acid concentration not greater than lo-2M 
Error in k2 is t 15 ~ of the tabulated value. 
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58.70 
60.00 
65.00 
70.00 
76.10 
58.07 
60.00 
65.00 
70.00 
75.40 
57 ·55 
6o.oo 
65.00 
70.00 
74.60 
57 .oo 
60.00 
65.00 
70.00 
73-90 
56.40 
60.00 
65.00 
70.00 
73.20 
55.82 
6o.oo 
65.00 
70.00 
71.80 
55·30 
60.00 
65.00 
70.00 
71.80 
Appendix I continued 
!£2 Data £or Toluene 
k2 X 104 ( dm:? mol -1 s -1) Jlole 'f. HNO; J!:ole 'f. n2so4 Mole 'f. H20 
o.s :50 .so . o.oo 69.20 
28.60 1.15 70.25 
17.00 a.oo 75.00 
1.0 )2.20 o.oo 67.80 
26.80 2.95 70.25 
15.70 9.:50 7 s.oo 
2.0 :5).60 o.oo 66.40 
25.10 4.65 70.25 
14.10 10.90 75.00 
4.0 :55.10 o.oo 64.90 
:54.60 0.15 65.25 
23.40 6.:55 70.25 
12.40 12.60 75.00 
a.o )6. 50 o.oo 6;.so 
32.50 2.25 65.25 21.60 8.15 70.25 
10.60 14.40 75.00 0.20 20.00 79.80 
16.0 :57.90 o.oo 62.10 )0.40 4.:55 65.25 19.50 10.25 70.25 8.70 16.)0 75.00 
)2.0 :59.:50 o.oo 60.70 28.50 6.25 65.25 17.00 12.75 70.25 6.40 18.60 75.00 
Error in k2 is :!: 15 % o£ the tabulated value. 
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Appendix I continued 
!£:? Data for p-Dich1orobenzene 
k2 X 104 (dm3 mol -1 8-1, llo1e % HN0 3 Jlo1e % H2So 4 llo1e % H20 
0.5 36.10 8.65 
25.40 14.60 
14.90 20.10 
0 29.10 
1.0 35.60 9o70 
23.10 16.40 
'13.10 21.90 
@ 29.90 
2.0 35.20 10.80 
21.80 18.20 
11.30 23.70 
@ 30.60 
4.0' 34.80 11.85 
20.00 20.00 
9o50 25.50 
@ 31.30 
s.o 34· 30 13.00 
18.20 21.80 
7.70 27.30 
@ 32.20 
16.0 33.90 13.95 
16.40 23.60 
6.oo 29.00 
0 32.90 
32.0 3;.40 15.15 
14.60 25.40 
4.20 30.80 
0 33o80 
-2 0 - Nitric acid concentration not greater than 10 Jl. 
Error in k2 is t 15 % of the tabulated value. 
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55.25 
60.00 
65.00 
70.90 
54o90 
60.00 
65.00 
70.10 
54.00 
60.00 
65.00 
69.40 
53·35 
60.00 
65.00 
68.70 
52.70 
6o.oo 
65.00 
67 .eo 
52.15 
60.00 
65.00 
67.10 
51.45 
6o.oo 
65.00 
66~20 
A;E;eendix II 
Acidity Function Data. for the Three Component Diagram ( Fig. V ) 
TWo Com;Eonent System HNO}-=-li2Q 
Hn + log an2o Mole % nno, 
0 o.o 
-1 2.5 
-2 4·7 
_, 7.5 
-4 10.9 
-5 14.7 
-6 19.2 
-7 2}.5 
-8 27.6 
-9 }1.6 
-10 35.4 
-11 }8.9 
-12 42.4 
TWo Component System n2so4-=-[2Q 
HR + log an2o J!ole 'fo H2so4 
0 o.o 
-1 2.4 
-2 4.4 
_, 6.6 
-4 8.7 
-5 10.9 
-6 13.4 
-7 15.5 
-8 17.9 
-9 20.2 
-10 22.9 
-11 25.5 
-12 28.3 
Appendix III 
Activity Coefficient Data for Non-Electrolytes in Sulphuric Acid 
84 
:Benzene 
fi log fi wt 'f. H2so4 Kola 'f. n2so4 
1.0 0 0 o.o 
1.56 0.194 10 2.0 
2.21 o. 345 20 4.4 
2.59 0.414 40 10.9 
2.64 0.421 50 15.5 
2.62 0.418 60 21.6 
2.58 0.411 70 30.0 
2.24 0.350 80 42.3 
1.61 0.207 84.7 50.4 
1.08 0.032 87.9 57.1 
Chlorobenzene 84 
fi log !i wt 'fo n2so4 Kola 'f. H2so4 
1.0 0 0 o.o 
1.14 o.o58 5.06 0.97 
1.43 0.157 12.40 ,2. 5 
1.85 0.266 20.35 4.5 
2.06 0.314 ;o.6 7o5 
2.01 0.304 40.4 11.1 
1.98 0.296 50.5 15.8 
1.98 0.296 60.2 21.7 
1.606 0.206 70.0 30.0 
1.307 0.116 80.5 43.1 
0.867 -0.062 85.o 51.0 
0.659 -0.181 90.5 63.6 
0.316 -o.5oo 95·0 11·1 
Hexafluoro-m-xylene 
fi log fi wt 'fo n2so4 :Uole % n2so4 
1.0 0 0 o. 
l. 62 0.210 57.7 20 
0.324 -0.489 70.0 30 
0.130 -0.887 84.5 50 
0.039 -1.407 89.1 60 
0.0118 -1.929 95.6 80 
0.0051 . -21290 lOO lOO 
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Appendix !II continued 
Nitrobenzene 64 
i'i log ri wt 'fo n2so4 lo!ole 'fo n2so4 
1.0 0 0 o.o 
1.43 0.157 19.79 4.33 
1.27 0.165 35.62 9o30 
o.8a -0.056 44.45 12.84 
0.74 -0.132 49.00 15.00 
o.5a -0.239 52.76 -17.00 
0.42 
-0.377 56.15 20.30 
0.30 -0.522 64.30 24.60 
0.21 -0.689 70.37 30.40 
o.13 -0.885 74.54 35.00 
0.062 -1.207 79.28 41.10 
0.025 -1.60 65.00 51.00 
0.0052 -2.28 90.00 62.29 
0.0013 -2.88 95.00 77.70 
0.0005 
-3.35 100.00 100.00 
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Appendix IV 
Activity Coefficient Data !or Non-Electrolytes in Nitric Acid 
Vole ! HNo3 wt \t Hll03 Solubility (:M-
1) log S log .f'1 
0,0 
1.48 
13.33 
o.o 
1.48 13.:n 
o.o 
1.48 
10 
20 
o.o 
1.48 
5 
10 
20 
o.o 
1.8 
3.7 
5.5 
7.5 
9.5 
11.7 
o.o 
1.8 
3.7 
7.5 
11.7 
0 
5 
35 
0 
5 
35 
0 
5 
35 
0 
5 
28 
46.7 
0 
5 
15.6 
28 
46.7 
o.o 
6,0 
11.9 
16.9 
22.1 
26.9 
31.7 
o.o 
6.0 
11.9 
22.1 
31.7 
76 2,4-Dinitrophenol 
6 -3 1,9 X 10_3 4,50 X 10 2 2,96 X 10-
o-Dinitrobenzene76 
-4 5,95 X 10_4 9.81 X 10_3 7,35 X 10 
-2.708 
-2.347 
-1.529 
-3.225 
-3.008 
-2.134 
l,3,5-Trinitrobenzene76 
-3 l, 88 X 10 3 3,68 X 10--2 
5.033 X 10 
gexafluoro-m-xylene 
1,91 X lo-44 2.40 x 1o:4 6,60 X 10_3 
1,65 X 10 
p-Dichlorobenzene 
-4 7,90 X 10_4 
8,40 X 10_3 
1,08 X 10_3 1,41 X 10 
2.24 x 10-; 
Benzene 57 
-2 2,lo-x 10_2 2.36 X 10_2 2,55 X 10_2 
2,70 X 10_2 
2,82 X 10_2 2,93 X 10_2 
3.01 x 10 
Toluene 57 
6.2o x 1o:~ 
7,90 X 10_ 3 9,20 X 10_2 
1,10 X 10_2 
1,17 X 10 
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-2.726 
-2.435 
-1.299 
-3.719 
-3.620 
-3.180 
-2.762 
-3.102 
-3.076 
-2.967 
-2.651 
-2.650 
-1.678 
-1.627 
-1.594 
-1.569 
-1.550 
-1.533 
-1.521 
-2.208 
-2.102 
-2.036 
-1.959 
-1.932 
o.o 
-0.361 
-1.179 
o.o 
-0.217 
-1.091 
o.o 
-0.291 
-1.427 
o.o 
-0,099 
-0.539 
-0 ·937 
o.o 
-0.027 
-0.137 
-0.252 
-0.435 
0,0 
-0~051 
-0.084 
-0.109 
-0.128 
-0.145 
-0.156 
o.o 
-0.106 
-0.171 
-0.249 
-0.276 
Appendix V 
Conversion of the second order rate constant for the 
nitration of hexafluoro-m-xylene, from the two phase system to 
the homogeneous system, assuming kinetic control. 
For the two phase system used by Miller, Noyce and 
41 Vermeulen , 
R (the rate of nitration) = k 
}600 
where R is in moles s-1 dm-3 of acid phase 
k is in·moles dm-} hour-1 dm-} of acid phase 
(HNo 3)T is really XN, the mole fraction of nitric acid 
in the acid phase, and 
(Ar H) 0 is really XAr H• the mole fraction of aromatic 
in the organic phase. 
For the homogeneous system used in the present study, 
R (rate of nitration) = k2 [HNO}) CAr H)a 
where R is in moles s-1 dm-3 of acid phase 
-1 s 
[Hii03) is the concentration of nitric acid in the acid 
phase, mol dm-}, and 
[Ar R)a is the concentration of aromatic in the acid 
phase (mol dm-}) which, assuming the aromatic and its 
s 
ni tro product form a near ideal mixture, = XAr R CAr· H] a 
s 
, where (Ar HJa is the solubility of the aromatic in 
the acid phase. 
I 
Now letting k2 [HNo3J = k2 XN and equating the rates 
for the heterogeneous and homogeneous systems, 
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Hence, 
I . 
k2 = _k ____ _ 
;6oo CAr nJ~ 
From runs 12, 1; and 14 by Miller, Noyce and Vermeulen k = 
0.751 mol hcur-1 dm-} .or acid phase. CAr H)~ was taken from 
their work to be 1.6 g dm-; or 7.5 x 10-3 mol dm-3. 
Therefore, 0.751 
and 
[HNo3J for the system H2so4 (46.0 
H20 (20 mole %) with density 1.77 
mole %) , 
-3 g cm = 
Therefore, k2 ~ 0.751 X Oo3)2 
3600 X 7o5 X 10•3 X 8o34 
'1; ·-. 
= 1.03 ± 0.06 mol dm-3 
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-l S 
( }3.2 mole %) , 
mol dm· 3• 
Appendix VI 
The Solubility of Water in Organic Solvents 
Compound Solubility (Y-1) 25°C Reference 
!so-octane 0.004 92 
Cyclohexane 0.0024 129 
Carbon Tetrachloride 0.0094 97 
0.010 92 
0.0087 99 
Chlorobenzene 0.023 121 
0.020 122 
0.030 91 
0.027 121 
Toluene 0.024 123 
0.022 124 
0.019 122 
o. 026 91 
0.023 121 
Benzene 0.034 121 
0.032 91 
0.026 125 
0.033 126 
0.035 127 
0.025 128 
0.033 123 
0.031 124 
0.031 122 
0.034 92 
0.035 99 
o-Nitroto1uene 0.045 121 
m-Nitrotoluene 0.034 121 
lli trobenzene 0.19 121 
0.152 91 
0.187 121 
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Appendix VII 
Nitric Acid Distribution Data between Aqueous Acid and Carbon 
Tetrachloride 
Mole 'f. n2so4 = 0 
Mole 'f, HNO~ -log [HNO~J~rg -log K0 log fn+J (No~ -3 
12.4 ~.~61 4.162 -1.~87 
16.6 2.818 ~.7;1 
-0.902 
22.2 2.~79 ~.406 -o.~81 
29.0 1.9~9 ;.041 0.127 
40.0 lo471 2.668 0.750 
50.5 0.987 2.2;6 1.161 
58.9 0.740 2.021 1.:590 
69.2 o.;55 1.662 .1.604 
77.5 0.226 1.550 1.7;5 
86.; 0.055 1.:590 1.8;2 
90.2 o.o5; 1.;96 1.864 
Mixtures of pure HNO; and n2so4 
Role 'f. HNO~ Jlolo '{o n2so4 D -log Ke 
s 
-log [HNO;:lorg log fn+J (No;-! 
10.4 79.2 1.87;1 3.051 2.699 -0.707 20.1 69 ·3 1.8605 2.000 1.352 0.774 
29.3 59.8 1.8:529 1.81; 0.998 1.170 
38.2 50.6 1.7989 1.710 0.770 1.414 
46.6 42.0 1. 7649 1.662 o. 622 1.576 
54.6 3:5.6 1.7;00 1.618 0.499 1.711 
62.7 25·4 1.6830 1.585 0.400 1.820 
70.4 17.4 1.6;7; 1.545 o.;o7 1.922 
78._3 9.2 1.5784 1.516 0.224 2.01:5 
Mixtures of 40 mole 'f. HNO~ and H2so4 . 
HNO; Kola 'f. n2so4 
s (n+) (NO; -1 Jlole '{o D -log K0 -log (HNo3Jorg log 
4.6 ~6.6 1.6869 1.8~6 1.646 0.451 
9.0 ~2.0 1.6568 1.88; 1.:590 0.7;1 
1:5.3 27.6 1.6292 1o947 1.277 0.857 
17.4 2;.~ 1.5990 2.010 1.214 0.925 
21.4 19.2 1.5684 2.107 1.214 0.925 
25.; 15.1 1.5~66 2.197 1.214 0.914 
29.1 11.2 1.5066 2.319 1.278 o.a55 32.8 1·4 1.4745 2.456 1.357 0.769 ~6.4 3.7 1.4431 2.567 1.416 0.704 
D is the density ( g cm-3 } at 25°C. 
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Appendix Vll continued 
Mixtures or 20 mole ~ HNO~ and H2so4 
Mole~ HNO~ Kole ~ n;so4 D -log K8 -log (HNO;J~rg log £n+l(No3-J 
2~2 1a.; 1.4595 2.6a6 2.699 -0.101 
4.4 16.1 1.4403 2.al; 2.52} -0.513 
6.6 13.9 1.4221 2.aa9 2.425 -0.405 
a.7 ll.a 1.4031 2.9a7 2.397 -0.375 
1o.a · 9.7 1.;a;6 ;.o76 2.;aa -o.;65 
l2.a 7-7 1.}650 ;.190 2.425 -0.405 
l4.a 5.7 1.3456 ;.290 2.456 -0.440 
l6.a ;.a 1.;269 ;.;22 2.4;1 -0.412 
1a.7 1.9 l.;oao ;.;sa 2.445 -0.427 
Kixtures or 60 mole ~ HNO; and n2so4 
Kola~ HNO; Kole ~ H2so4 D -log K8 -log (HNO;]~rg log [n+3£No;-l 
7.0 52.8 1.7927 1.594 1.314 0.815 
1~.6 46.2 1.7654 1.5;; o.955 1.21o 
20.0 39.9 1.7369 1.513 0.762 1.422 
26.2 ;;.7 1.704~ 1.502 o.62; 1.574 
;2.2 27.7 1.66a9 1.5;; o.55a 1.647 
;a.1 21.9 1.6327 1.5a5 o.527 1.6ao 
43.8 16.9 1.5958 1.674 0.548 1.657 
49.4 10.7 1.5548 1.762 0.577 1.626 
54.9 5.2 1.5121 1.788 0.550 1.655 
[HNO;J = 1.57aK from Table XXII 
Kole ~ HNO; Kola~ H2S04 D -log Ke -log (HN03)~rg log (n+J{N0;-1 
2.9 o.o 1.0518 4.8;0 4.6;2 -2.831 
;.1 4.7 1.1897 4.1;7 ;.939 -2.069 
;.; 10.4 1.;32; ;.264 ;.o66 -l~llo 
;.5 13.9 1.4o4o 2.967 2.169 -o.7a4 
~.7 l8.a 1.4860 2.606 2.409 -o.;aa 
4.1 27~4 1.6037 -
4.7 37.7 1.7036 1.754 1.564 
5.4 51.0 1.7853 1.582 1.395 
6.0 61.2 1.8287 2.016 1.822 
6.5 69.0 1.8528 2.690 2.493 
10.1 73.1 1.8619 ;.390 ;.192 
D is the density ( g cm-3 ) at 25°C. 
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0.541 
0.726 
0.257 
-0.480 
-1.249 
Appendix VII continued 
[HNo3] = 6.312X from Table XXII 
Hole ~ HNo 3 Hole % H2so4 D -log Ke 
12.4 o.o 1.2000 4.162 
13.0 3.4 1.2882 3.614 
13.9 7.4 1.3725 ·3.102 
14.4 9.6 1.4176 2.893 
15.1 12.9 1.4685 2.644 
16.3 18.1 1.5431 2.279 
17.7 23.8 1.6091 1.943 
19.3 30.5 1.6726 1.648 
20.5 35.2 1.7080 1.523 
21.3 38.6 1.7352 1.529 
37.0 46.5 1.8339 1.854 
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s 
-log [HNo3) 0 rg 
3.362 
2.614 
2.303 
2.093 
1.645 
1.481 
1.148 
0.857 
0.736 
0.741 
1.060 
log ~n+J (No3 -j 
-1.435 
-0.833 
-0.271 
-0.041 
0.232 
0.632 
Oo998 
1.317 
1.451 
lo445 
1.095 
Appendix VIII 
!!!ric Acid Distribution Coefficient Differences between 
References Phases and Seven Organic Phases 
1. Ni trio Ac i.d Referencer 16.6 mole rfo Hli03 ( 8.151!.1 ). 
Change in log K9 
I-o CC14 CB T o-N CB NT 
I-o 0 o. 658 o. 53 0.84 2.956 ,.us 
CCl4 0 -0.155 0.155 2.271 2.43 
CB 0 0.31 2.426 2. 585 
T 0 2.ll6 2.275 
o-NCB 0 0.159 
NT 0 
JfB 
NB 
3.176 
2.491 
2.646 
2.336 
0.22 
o.o61 
0 
2. Nitric - Sulphuric Acid Referencer 9.6 mole% H2S04, 6.8 
mole rfo HN03 ( 3.155Jl Hll"03 ). 
Change in log Ke 
I-o CC14 CB T o-NCB NT NB 
I-o 0 0.572 0.652 0.902 2. 586 2.827 2.904 
cc14 0 o.o8 0.33 2.014 2.255 2. 332 
CB 0 0.25 1.934 2.175 2.252 
T 0 1.684 1.925 2.002 
o-NCB 0 0.241 0.318 
UT 0 0.077 
NB 0 
I-o- !so-octane, CCl4- Carbon Tetrachloride, CB- Chlorobenzen( 
T- Toluene, o-NCB- o-Nitrochlorobenzene, NT- Nitrotoluene, 
NB - Nitrobenzene. 
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Appendix VIII continued 
Hydrochloric Acid Distribution Coefficient Differences between 
Reference Phases and Seven Organic Phases. 
1. Hydrochloric Acid References [HCl) = 11.216M 
Change in log Ke 
I-o cc14 CB T o-NCB 
I-o 0 0.141 Oo346 0.567 o.699 
cc14 0 0.207 0.426 0.556 
CB 0 0.219 0.:; 51 
T 0 0.132 
o-NCB 0 
NT 
NB 
!lT NB 
0.744 0.752 
o. 6o:; o. 611 
o.:;96 0.404 
0.177 0.185 
0,045 0.053 
0 0.006 
0 
2. Hydrochloric - Sulphuric Acid References 17,14 mole % n2so4, 
5.06 mole% HCl ( 2,244M HCl ). 
Change in log Ke 
I-o Ccl4 CB T o-NCB NT NB 
I-o 0 0,212 Oo393 0,610 0.689 o.no 0.737 
CC14 0 0.181 0.398 0.507 0.546 0.555 
CB 0 0.217 o.:;26 0.367 0.374 
~ 0 0.109 0.150 0.157 
o-NCB 0 0.041 0.046 
NT 0 0.007 
NB 0 
I-o - Iso-octane, CCl4 - Carbon Tetrachloride, CB - Chlorobenzene, 
T - Toluene, o-NCB - o-Nitrochlorobenzene, NT- Nitrotoluene, 
lTB - Nitrobenzene. 
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